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Abstract 

 

This study evaluates the use of international thermal comfort standards currently 

being used in the south terminal of the King Abdulaziz International Airport (KAIA). The 

airport is located in Jeddah, in the Kingdom of Saudi Arabia (KSA). The study was 

prompted by the hypothesis that the hot climate experienced in KSA, the acclimatization of 

those in the region, coupled with the widespread wearing of traditional clothing, justifies a 

unique model of thermal comfort. The south terminal of KAIA currently uses set points of 

20-24 °C (ASHRAE-based comfort model). Most international thermal comfort standards 

are based on experiments that were conducted in moderate climates. These studies have two 

particular shortcomings in the context of those living in hot climates: they fail to consider 

that people in other climatic regions could have different thermal expectations and 

preferences, and many disregard the role of outdoor temperature on thermal comfort. The 

international standards prescribe temperature set points that are often too low for people who 

live in extremely hot and humid climates. Keeping the temperature at the international set 

point requires excessive amounts of energy and is wasteful and expensive. Public policy 

demands that the thermal control strategies in public buildings be evaluated to ensure that 

they are operating efficiently. Airports are of particular concern because they have HVAC 

systems that consume a disproportionate   amount of energy relative to their size. This study, 

based on passenger surveys and energy simulation, considers the effectiveness of developing 

a model of thermal comfort as an alternative control strategy for the KAIA terminal and 

assesses its energy impact. 

 

In order to determine new temperature set points that might better serve the needs of the 

passengers and maximize energy efficiency in KAIA, this study:  

a) Conducted detailed surveys of passengers in the airport terminal;  

b) Obtained measurements of both physical and personal variables; 

c) Recorded behavior patterns of passengers; 

d) Collected all relevant data on the conditions inside and out of the terminal; 
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e) Considered the impact that traditional garments may have on thermal comfort; 

f) Used the data from the surveys to create a new model of thermal comfort; 

g) Used computer simulation programs to test and compare a developed thermal 

comfort model with the set point currently used in the building. 

 

The results of the survey demonstrate the unsuitability of the ASHRAE-based comfort 

model (set temperatures of 20-24 °C) currently used in the airport. The data from the survey 

is used to derive new models of thermal comfort using regression analysis. Computer 

simulation demonstrated that the new set comfort temperatures obtained from created models 

could significantly increase the operational efficiency of the terminal. Implementing these 

models would also reduce the operating cost of the KAIA, lower the CO2 emissions and 

improve the comfort of passengers. More particularly, the results of the research demonstrate 

the unsuitability of employing generic comfort models and suggest that a more climate-

appropriate strategy should be adopted globally.  The Gulf Region Countries do not currently 

have climatic-specific thermal comfort standards nor intensive field studies that would 

support their development. Moreover, a vast majority of thermal comfort research is focused 

on Australia, Europe and the USA and some areas of Asia.  

This thesis offers an integrated system and methodological approach to evaluate, 

measure, and analyze both environmental and personal variables of thermal comfort as well 

as verifying the results and virtually testing the implications on occupants and the building. 

The objective of carrying out such a study is based on the challenge of achieving acceptable 

levels of occupant thermal comfort while optimizing the energy efficiency of buildings. 
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Chapter One	

1. Introduction 

1.1. Background 

In past decades the necessity to improve the quality of the indoor environment has 

become a priority in maintaining occupants health and comfort. People spend between 80 

and 90% of their lives indoors [Lee, 2011; Hancock, 2002]. Thermal comfort, lighting, air 

and acoustical quality are among factors directly affecting the occupants overall sense of 

comfort and well-being. According to Griffiths’ survey of occupant comfort in buildings, 

neutral temperature, which has a direct impact on an occupant’s thermal comfort sensation, 

is one of the most important factors affecting the occupant’s overall comfort [Griffiths, 

1990].  

Moreover, people will have various thermal comfort experiences throughout the 

day. They can also have different sensations under similar circumstances. Studies have 

demonstrated that the thermal balance of the human body plays an important role in 

comfort sensation and is affected by physical variables including air temperature, radiant 

temperature, relative humidity and air velocity and personal variables such as metabolic 

rates and clothing insulation [Fanger, 1972; Mclntyre, 1980; Gagge, 1986]. In the past, 

occupants controlled physical variables through several methods including the selection of 

appropriate building materials, size and orientation of openings, providing natural 

ventilation, etc. Today controlling the indoor environment has become easier with the 

existence of technology represented by mechanical systems and associated controls. 

Achieving the right combination of factors to achieve thermal comfort is still a challenge. 

Further, there is a need to acknowledge and address different climates, cultural 

backgrounds and building typologies. Nasrollahi and others have proven that achieving 

indoor comfort would serve to enhance staff productivity, public health, mitigate the 

outcomes of sick building syndrome, reduce costs and the growing issue of climate changes 

[Nasrollahi, 2008]. 

For most buildings located in hot climatic regions, air-conditioning is the only 

solution to ensure desired indoor temperatures. Even with the existence of advanced 
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mechanical systems, dissatisfaction with surrounding environments is still prevalent. 

Thermal discomfort can be felt when the temperature exceeds acceptable comfort ranges. 

In hotter climates, as addressed in the thesis, the discomfort rate of occupants increases 

during the summer period when the building gets too cold due to over cooling using 

artificial systems. This could further lead to thermal shock, defined as  “a large and rapid 

change of temperature considered especially with respect to its effects upon living 

organisms or structural parts.” [Merriam-Webster Unabridged Dictionary, 2018]. It is 

experienced due to the disparity between the external and internal environments in very hot 

outdoor conditions [Balaras, 2004; Mirek Piechowski, 2007; Bluyssen, 2009]. 

In passenger terminal buildings (PTB), which is the typology of building addressed 

in this research, there is a high reliance on artificial lighting and HVAC systems, 

contributing to around 85%- 95% of the total energy consumed ,90% of this as a result of 

air-conditioning. Energy consumption in PTB’s is often 150% higher than in commercial-

type buildings, according to studies in Greek Island airports and elsewhere [Balaras et al., 

2003]. Terminal buildings situated in hot regions consume 60-70% more energy when 

compared to similar types of buildings in other regions [Stankovic, 2010]. Design elements 

such as high ceilings with skylights, large floor areas and large glazed façades associated 

with PTB’s contribute to high solar gains, increased radiant temperature and can be linked 

to occupants’ dissatisfaction. According to Mirek, these features cannot be rectified in 

absolute terms for operational and security reasons [Mirek, 2007]. 

Total reliance on HVAC systems is common in these buildings. In hot climates this is 

due to high outdoor temperatures, high heat gains and in pursuit of comfortable indoor 

temperatures as proposed in some international thermal standards such as ISO 7730, 

ASHRAE 55 and CEN EN 15251. On the other hand many studies have shown that an 

occupants’ thermal sensation in such regions can’t be predicted using these indices alone. 

Occupants have reported feeling uncomfortably cold at these relatively low temperatures 

(20-24 °C) as they have been primarily developed for adoption in temperate and relatively 

cooler climates, with subjects accustomed to a high standard of living and/or, in many 

cases, on subjective responses in a stable environment (climatic chambers), which does not 

reflect well real conditions [Prianto and Depcker, 2003; Babu, 2008]. Thus providing 
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thermal comfort at acceptable levels of energy consumption remains a significant challenge 

for researchers, designers and the construction industry in general.  

Furthermore, the transportation sector is responsible for 25% of all CO2 emissions, 

while the aviation sector, including associated buildings, is responsible for 13% of 

emissions [IPCC, 1999].  In 2009, the increased demand for aviation saw an increase of 5% 

to 18% of total emissions of CO2 in the UK [Carbon Trust, 2009].	

There is growing concern that the excessive energy use in PTB’s is a significant 

contributor to climate change [Stankovic, 2010]. Damaging the environment is a potential 

threat to the growth and long-term sustainability of the aviation industry. It is estimated 

that in 2050, CO! emissions from aviation will be responsible for 2.5% of all greenhouse 

gas (GHG) emissions. [Sterm, 2007]. Many governments are taking action to reduce the 

severity of this hazard. The UK government, for instance, has encouraged airport terminal 

officials to reduce CO! emissions by 80% before 2050 [HM Government, 2008; Kelly, 

2009]. 	

	

1.2. The Context  

While this research looks specifically at PTB’s as a building type, it is also unique 

in that it does so in a hot climate and where many customs, some of which directly and 

indirectly have a role in real and perceived comfort, are specific to the region. A such, the 

overall context of the research requires closer consideration of these specific peculiarities.	

 

1.2.1.  The Building Typology	

Saudi Arabia is considered to be one of the top 20 countries for business 

opportunities and among the most attractive countries for foreign workers. Both of these 

facts increase the demand for air traffic [Siddiqui, 1994]. The numbers of passengers in 

Saudi Arabia has increased by an average of 15% annually, rising from 1.6 million in 1970 

to 33 million in 1994 [Bafail, 2000]. The latest statistics from the General Authority of 

Civil Aviation (GACA) in Saudi Arabia confirm that this figure has almost doubled over 

the last 18 years [GACA, 2014]. In 2012, the number of passengers reached 57 million. 

More than 13 million tourists (including religious) travelled to Saudi Arabia in 2010 



Introduction 

 4	 
P

according to international industry consultant Business Monitor International [BMI, 2010]. 

In 2012, Saudi Arabia issued 9.5 million religious visas, a rise of 11.3% compared to 2011 

according to Saudi Ministry of Hajj statistics [Hajj, Saudi Ministry, 2012]. As a result, 

many airports in Saudi Arabia are serving far more passengers than they were designed to 

handle. This, in turn, has led to a greater consumption of energy in these facilities. 

In this research the southern terminal of King Abdulaziz International Airport 

(KAIA) is used as a test case. The terminal under investigation includes large areas for 

domestic flights. Most of the people who use this terminal are Saudi nationals or come 

from a country with a similar climate [GACA, 2014]. The airport, in general, is also the 

main point of arrival for the millions of pilgrims who attend Hajj and Umrah in Mecca 

every year.  

 

1.2.2. Geography and Climate 

Saudi Arabia area covers approximately 2.1 million km²; it spans from the Red Sea 

in the west to the Arabian Gulf in the east (1400 km) and from Jordan in the north to 

Yemen in the south (1500 km). The city of Jeddah is located at 21.40 ᵒN latitude and 39.10 

°E longitude. According to the Koppen climate classification, Jeddah is considered an arid 

climate (BWh) for two fundamental reasons: high temperatures and a scarcity of rainfall. 

Jeddah has two distinct “seasons”: a warm period with a mean temperature ranging 

between 24 and 28 °C (November to April), and a hot period with mean temperatures of 30 

to 34 °C (May to September). Jeddah, like most places in the region, has very hot 

temperatures:  in the summer, it is not uncommon for the temperature to go above 43 °C in 

the afternoon and drop to 30 °C in the evening. In the winter, the temperature ranges from 

30 °C during the day to 19 °C at midnight (see figure 1.1). The highest temperature ever 

recorded was 52 °C in June 2010, which was 6 °C less than the highest temperature ever 

recorded on earth (El Aziza-Libya). More information about solar position, psychometric, 

wind analysis, and hourly, weekly and monthly climatic data of proposed location is 

presented in appendix B.	
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Figure 1. 1 Climate data for KAIA airport (Source: Presidency of Meteorology and Environment (PME) of 

Saudi Arabia) 

 

	
	

Figure 1. 2 The location of Jeddah  

 

1.2.3.  Culture and Customs 

One of the most important variables affecting thermal comfort is clothing. The 

majority of Arab men in the Arabian Peninsula (including Saudi Arabia, Kuwait, Bahrain, 

Qatar, the United Arab Emirates, Oman, and the Republic of Yemen) wear a long sleeved 
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one-piece dress that covers the whole body, called a "thobe". This garment is always 

tailored to be loose which allows more air to be circulated, cooling the body during the hot 

summer days. During winter, they wear a darker colored thobe made from heavier fabric 

such as wool or fleece. Men also wear a 3-piece head cover. The bottom piece of this head 

covering is a white cap that is sometimes filled with holes. These head covers protect the 

head and face from direct sunlight and can be used to cover the mouth and the nose during 

sand storms or cold weather (see figure 1.3). This type of clothing has been introduced in 

the recent version of the ISO 9920. According to this standard, the traditional summer 

garments for men have an insulation value of 0.8 Clo. In comparison, the standard summer 

garments worn in other cultures have an insulation value of 0.5. Despite the comfort of 

wearing clothing that has a lower insulation value, a high proportion of Saudi men still 

prefer traditional garments over standard clothing. The primary reasons for wearing 

traditional clothing are religious and social customs.	

Religious and social customs also dictate that women wear clothes which cover them from 

head to toe. Hence, women wear an abaya; (long, loose black plain cloak worn on top of 

clothes) and usually accompanied with a “hijab” (a large rectangular Shaal used by the vast 

majority of women in Arabian Gulf area). This veil is worn around the head (see figure 

1.3).  The seasonal variations of clothing insulation value for both genders can reach up to 

1.6 clo depending on added clothing items, such as (long underwear bottoms, shoes, 

sweaters, jackets, etc.). 

	
Figure 1. 3 The visible part of Saudi traditional garments for both genders, key (1: Hejab, 2: Abaya, 3: Egal, 

4: Shemagh or Ghotra, 5: Thowb, 6: Bura) 
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1.3. Thesis Structure 

The research is focused on reconciling two basic challenges: thermal discomfort 

and excessive energy consumption. The objective is to explore the potential for an adaptive 

comfort approach to create a new control model of thermal comfort that could reduce 

energy consumption and enhance the comfort of passengers in the KAIA terminal.	

 In considering thermal discomfort in the context of this research it is suggested that 

the temperature set points prescribed by the international standards (ISO 7730, ASHRAE, 

CEN and CIBSE) are not appropriate for people who live in hot climates. This suggestion 

is premised on the fact that people in hot climates have a different perception of thermal 

comfort than those who live in moderate or cold climates. Similarly, the international 

temperature set points result in an indoor environment that is notably different from the 

outdoor temperature (20-24 °C inside when it is over 40°C outside). This disparity can lead 

to discomfort and can cause health problems [Sharma, 1986; Busch, 1992; Mathews, 1995; 

Williamson 1995; Taki, 1999; Nicol, 1999; Bouden, 2001; Priato and Depcker, 2003].	

For most buildings located in hot climatic regions, air-conditioning is the only way 

to maintain a comfortable temperature indoors. Maintaining set points of 20-24 °C when 

the outdoor temperature is often over 40 °C requires a significant amount of energy 

especially in large buildings like an airport terminal. If the set points are lower than 

required to maintain thermal comfort, then an immense amount of energy is being wasted. 

So, an important question is “what is a comfortable temperature to satisfy the comfort of 

occupants in such buildings and in hot climates?”. These issues will be discussed in 

Chapter 4 and 6 (exploratory and main field studies).	

After giving a brief description of the problem, the thesis outlines what is meant by 

comfort for building users and its main environmental factors such as thermal comfort, 

lighting, air and acoustic quality. It also clarifies the importance of thermal comfort among 

these elements according to research results and its physical and personal variables. 	

In addition, this study also highlights the mathematical models currently used in 

predicting thermal comfort such as Fanger, Pierce Two-Node and KSU Two-Node. These, 

in turn, led to the development of thermal comfort standards such as ISO 7730, ASHRAE 
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55 and European Standard EN15251. It also discusses the importance of the ambient 

temperature in determining occupant preferences of thermal comfort via the development 

of adaptive models with limited implementation for each study, especially in hot climatic 

regions.  

Moreover, this research contains two field studies employed to investigate the 

current level of thermal comfort and energy consumption for the KAIA airport terminal in 

Jeddah. These two studies led to the development of thermal comfort and adaptive models 

with limitation of usage under particular circumstances. These models were also compared 

with existing models (well-known thermal and adaptive models that were developed for 

similar climates) in order to investigate whether existing models are sufficient or is there a 

rational basis for developing a local model with limited implementation in this area and 

type of building. This study evaluates the importance of this last point by comparing the 

current levels of thermal comfort and energy consumption with the one after the 

implementation of the new model utilizing computer simulation. 	

1.4 . Research Questions and Objectives 

Given the overall context of the proposed research and the specific and unique 

circumstances of the building typology, the following questions and objectives form the 

basis of investigations in this research.	

Question 1:  

Are the international standards employed to control and deliver thermal comfort suitable 

for the needs of building occupants in hot climates like in the KSA? In other words, is the 

ASHREA-based PMV comfort model being used in the KAIA terminal adequately meeting 

the comfort needs of the passengers? 

Objective 1: 

Find the temperature and combination of thermal comfort variables that most passengers in 

the KAIA terminal describe as “neutral” or “comfortable” using a comfort survey. Compile 

enough information to construct an adaptive model of thermal comfort. 
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Question 2: 

What are the comfort requirements for each of the different zones? In addition, what are the 

specific comfort requirements for the different groups (people with varied environmental 

experience)? 

Objective 2: 
Develop a comprehensive thermal comfort model for all of the above-mentioned conditions 

that reflect the comfort needs of occupants and the physical peculiarities of that zone 

without resorting to excessive use of energy.  

Question 3: 
If it is found that the international standards are not appropriate for most of the passengers 

using the terminal, then how much energy can be saved by increasing, in the case of the 

climate, the indoor temperature to meet local comfortable requirements? 

Objective 3  

Use computer simulation software to compare the energy consumption required by 

different thermal standards and the thermal comfort models developed in this study.	
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             Chapter Two 

2. Literature Review 

This chapter presents an overview of the discipline upon which this research is based. 

It also includes milestones that helped in the development of the idea of, general comfort, 

and more specifically, thermal comfort. Thermal comfort models that led to the development 

of comfort standards used globally will also be reviewed as well as their essential 

environmental and personal variables that determine comfort levels. All practical steps 

leading to the development of these models will also be carefully examined as the study 

focuses on the development of a model for the local environment of Saudi Arabia. Finally, 

the impact of developing such a model on the indoor environment and energy consumption 

using computer simulations is also discussed in this chapter.  

2.1. The Idea of Comfort 

The necessity to improve the environmental quality of indoor environments has 

arisen as occupants look to maintain and enhance their health and comfort [Lee, 2011].  

Feeling comfortable is a state of mind based on the sensory perceptions of the human 

body. The senses provide information to the brain through nerve cells, and then the brain 

interprets this information to determine how to react to the conditions [Bluyssen, 2009]. 

There are four main environmental factors that affect the physical and psychological 

state (comfort) of occupants [Bluyssen, 2009]: 

1. Thermal comfort includes variables such as air velocity, air temperature, radiant 

temperature and relative humidity. 

2. Lighting quality includes view, light intensity, luminescence ratios, reflection, etc. 

3. Air quality can be affected by temperature, odors, indoor air pollution, fresh air 

supply, etc. 

4. Acoustic quality is based primarily on noise, as well as vibrations.  
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These factors have a direct impact on how individuals perceive their indoor 

environment, and they all affect the occupants’ sense of comfort. All of these factors can be 

modified to ensure the comfort and health of the occupants.  

Physical comfort in a building affects far more than just how an individual feels. Heating and 

air-conditioning also have an impact on staff productivity, public health, maintenance and 

operational costs, and the growing problem of climate change [Nasrollahi, 2008]. Studies 

have shown that office workers are more productive when they are satisfied with their 

thermal environment [Huizenga et al., 2006]. 

  Dissatisfaction with an indoor thermal environment can still be a problem despite the 

use of complex HVAC systems that are designed to achieve occupants’ thermal comfort 

[ASHRAE Handbook of Fundamentals, 2005]. Thermal discomfort can result from 

temperatures that are too high or too low, or from humidity levels that are too high or too 

low. Discomfort tends to increase during times of extreme temperatures because of the large 

difference between indoor operative temperatures and outdoor air temperature [Bluyssen, 

2009]. For example, a study conducted by students of Oxford Brookes University revealed 

that almost 30 percent of occupants found buildings too hot in winter [Nicol and Humphreys, 

2012]. Dissatisfaction can be caused by unwanted cooling and heating of the body as a 

whole, or unwanted cooling or heating of a certain part of the body [Olesen, 2004]. After 

temperature, the most common causes of thermal discomfort include: drafts, an abnormally 

high vertical temperature differential (the different between head and ankles), a floor that is 

too warm or too cold and high thermal radiation. 

2.2. Thermal comfort 

Thermal comfort is a term used by the American Society of Heating, Refrigerating 

and Air-Conditioning Engineers and many other similar associations. It is defined as “the 

state of mind in humans that expresses satisfaction with the thermal environment” [ISO, 

1984; ASHRAE 55, 1992; ASHRAE 55, 2013].  

Thermal comfort is specific to the individual. Several studies have revealed that 

thermal comfort is strongly related to the thermal balance of the body and this balance is 

affected by physical, personal and physiological variables [Fanger, 1972; Mclntyre, 1980; 

Gagge, 1986]. There are also secondary factors influencing overall thermal comforts, such as 
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an individual’s expectations and preferences that are affected by a past thermal history [de 

Dear and Barger, 1998; ASHRAE 55, 2003]. 

 

2.2.1. Thermal Balance 

 To maintain thermal balance in the human body, the heat lost should be equal to the 

heat produced. In other words, thermal comfort is obtained when there is a balance between 

the generation of metabolic heat within the body and the losses through the mechanisms of 

conduction, convection, radiation and evaporation [ASHRAE Handbook of Fundamentals, 

2005]. The human body has a constant core temperature of about 37 °C, but this temperature 

increases during exercise or physical activity. For a person with a healthy thermal balance, 

the skin temperature is approximately 34 °C. that influence the process of thermal balance, 

include: 

1. The heat transfer coefficient for convection.  

2. Muscular activity, clothing, and environmental variables (temperature, radiation, 

air velocity and humidity) [Gagge at al., 1971; Nishi and Gagge, 1971; Gagge 

and Nishi, 1977]. 

 The equation that describes the thermal exchange between the body and surrounding 

environment is [Parsons, 2003]:  

! −! = ! + ! + ! + ! + !       Eq. 2. 1 

Or more precisely:   

! −! = !!" + !!"# + ! 

= ! + ! + !!" + !!"# + !!"# + (!!" + !!")                                                              Eq. 2. 2 

 

Where, 

!: Metabolic rate per unit area,  W/m!: Metabolic rate per unit area ,!/!! 

!: The rate of heat loss due to the performance of work,!/!! 
!: Evaporative heat transfer from clothed body, !/!! 
!: Radiant heat exchange rate through cloth, !/!! 
!: Convictive heat transfer rate from clothed body, !/!! 
!: Heat transferred from the body via conduction, !/!! 
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!: Heat storage  
!!"#: Rate of convective heat loss from respiration,!/!! 
!!"#: The rate of latent respiratory heat loss,!/!!  
!!": Total evaporative heat loss from skin,!/!! 
!!": Heat storage in skin compartment,!/!! 
!!": Heat storage in core compartment,!/!! 
!!": Rate of heat loss from skin, !/!! 
!!"#: Rate of heat loss from core, !/!! 

 

2.2.2. Controlling Thermal Comfort 

 There are two basic ways to control thermal comfort: temperature controls and 

controlling the amount of heat loss from the human body through clothing and physical 

activity. Using some form of HVAC system to control the operative temperature is a most 

effective, albeit expensive and polluting, tool in maintaining indoor thermal comfort. Studies 

have demonstrated that personal control over operative temperature has a positive impact on 

the level of an occupants’ satisfaction [ISO 7730, 2005]. The environment inside any 

building cannot be constant over time. Even with the help of sophisticated HVAC systems, it 

is difficult to keep the operative temperature within desired limits, especially in complex 

buildings such as large passenger terminal buildings.   

 

2.2.3. Individual Differences  

 Comfort is a psychological phenomenon, not a physiological state [Slater, 1986]. 

Thermal comfort can be affected by individual differences in mood, culture, or social 

customs. Therefore, it is impossible for one environment to satisfy everyone; there will 

always be occupants who are dissatisfied. Conventional standards (ASHRAE 55, ISO 7730, 

EN15251 and CIBSE Guide B) and the PMV index (a predictor of thermal comfort) state 

that 5% of occupants will always be dissatisfied with any indoor environment. These 

standards suggest that obtaining a minimum of 80% satisfaction is sufficient.  

In addition to the temperature, adaptation plays a significant role in determining the range of 

temperatures that is considered comfortable. Comfort levels can be affected by clothing 

habits and other adaptive actions. Personal experience and history, including place of origin, 

also have a significant impact on the individual’s perception of what is comfortable. For 

instance, people who have lived in hot climates are more likely to be able to maintain a high 
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work performance in a hot environment than those who live in cooler climates [Parsons, 

2003]. The optimum operative temperature for comfort will vary from one person to another 

depending on their activity levels. Therefore, thermal comfort standards, such as ASHRAE 

55, suggest that the optimum comfort operative temperature range can vary between 20 °C 

and 26 °C. 

 

2.3. Thermal Comfort Models 

Many thermal comfort studies have been undertaken using a climate chamber and 

static conditions. These studies utilize the thermal, physiological and psychological reactions 

of occupants in their surroundings to create empirical models that will predict their reactions 

to different conditions [Fanger, 1973; Mclntyre, 1980; Gagge et al., 1986]. Most thermal 

comfort models are premised on the following physical and personal variables. 

 

2.3.1. Physical (Environmental) Variables 
 

Air Temperature (!!) is “the mean temperature of the air surrounding the occupant” 

[ASHRAE 55, 2003]. Average temperatures of the air near the occupant’s ankle; waist and 

head are considered in determining this numerical average. These heights are 0.1 m, 0.6 m, 

and 1.1m for seated occupants, and 0.1 m, 1.1 m and 1.7 m for someone standing. As a base, 

the average is a three-minute average, with no less than 18 similarly spaced points in time, 

but the period may be extended up to 15 minutes to average cyclic variances if important. 

Radiant Temperature (RT) relies on the temperature of several surfaces. It is usually 

measured by taking electronic images with an infrared camera, or by using a surface-

temperature gun. This instrument can be aimed to any non-metallic surface and will display 

its temperature. 

Mean Radiant Temperature (Tr) is “the uniform temperature of an imaginary 

enclosure in which the radiant heat exchange from the human body is equivalent to the 

radiant heat exchange in the genuine non-uniform enclosure” [ISO 7726, 1998].  Some 

researchers use a single value for the whole body while others utilize multiple values of the 

surfaces surrounding the occupant. Mean radiant temperature is a time-averaged value. The 
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time-based average is a three-minute average with no less than 18 similarly spaced points in 

time, but the period may be extended up to 15 minutes. 

Relative Air Velocity (v) is “the average speed of the air to which the body is 

exposed, with respect to location and time” [ANSI/ASHRAE Standard 55, 2004]. Time and 

spatial averaging are done in the same way as for temperature. However, the time averaging 

period is three minutes. Changes that happen over a period longer than three minutes are 

considered to be changes in air speed. 

 Water vapor pressure in ambient air (Pa) or relative humidity (RH) is the degree of 

fractional pressure of water vapor to the equilibrium vapor pressure at the same temperature. 

It can be expressed as several thermodynamic variables, including vapor pressure, dew point 

temperature and humidity ratio. It is spatially and temporally averaged by the same method 

as air temperature.  

   Keeping an optimum level of relative humidity is crucial for maintaining comfort and 

health. Relative humidity below 30% or above 60% is always undesired [Arundel and 

Sterling, 1985].  The optimal relative humidity of 40% to 60% is recommended by 

[ASHRAE 55, 1992]. There is also a correlation between eye discomfort and low-humidity 

conditions [Liviana et al., 1988]. Respiratory illness has occurred in winter due to low 

relative humidity [Green, 1982]. On the other hand, too much skin moisture at high levels of 

humidity will increase discomfort [Gagge 1937; Berglund and Cunningham, 1986].  If there 

is a high level of humidity, then the temperature is no longer an accurate predictor of comfort 

[Tanabe et al., 1987].  

2.3.2. Personal Variables 
 
  Metabolic Rate (met) is “the level of transformation of chemical energy into heat and 

mechanical work by metabolic activities within an organism” [ASHRAE 55, 2010]. The 

metabolic rate is measured in met, where 1 met= 58.2 Watts. For the average person, it is 

about 100 watts. For all physical activity, the metabolic rate will vary depending on the 

individual performing them and the circumstances under which the exercise is performed. 

The metabolic rate !/!!" is the rate of internal heat generated by an individual (!) !/ℎ!. 
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In every unit of “Dubois” the total area of body surface (!!") in units of !! is given by the 

following equation: 

!!" = 0.202 !"#$ℎ! !.!"# ℎ!"#ℎ! !.!"#                                                                    Eq. 2.3 

 

  As a result, an average of 1.8 !! has been determined for a person who weighs about 

70 kg and is less than 1.73 m in height [Fanger, 1967]. Standard lists of metabolic rates have 

been compiled for a variety of activities [ISO 8996, 2004; ASHRAE 55, 2013]. Some 

common activity types include sleeping (0.7), sitting (1.0), and high activity standing (1.2). 

Activities that involve movement, like walking (1.4), lifting heavy weights (2.0) have much 

higher values. For activity performed by an individual over a period of one hour or less, it is 

best to use a time-weighted average metabolic rate, but different metabolic rates should be 

used for longer periods [ASHRAE 55, 2013]. For activity levels of more than 2.0 or 3.0, it is 

difficult to determine the rates accurately because there are a variety of ways to perform such 

activities [ASHRAE Handbook of Fundamentals, 2005].    

  Clothing Insulation (clo), “is the amount of thermal insulation worn by a person” 

[ASHRAE 55, 2003]. Clothing is an essential variable that has a fundamental impact on 

thermal comfort and in non-mechanically conditioned spaces, one of the most effective 

means of personal comfort control. It is expressed as a Clo-value, which is the unit usually 

used in comfort equations, but some programs require the input to be in !!!/! (Where one 

Clo = 0.155 !2!/! [ASHRAE, 2001]. This is the amount of insulation that keeps a 

sedentary person thermally comfortable in an environment that is 21 °C and has 0.1 m/s of 

air movement. If the temperature increases or decreases, then the person may well feel 

uncomfortable. 

  It is recommended by ASHRAE to multiply the overall clothing items of individual 

Clo by a factor of 0.82 for layers of garments [ASHRAE, 1985].  

A comprehensive list of clothing descriptions was developed by [McCullough, 1985] 

and her co-workers, which was eventually added to ISO standard 9920. This ISO standard, 

published in 2004, included a new table that contains clothing insulation values for the types 

of clothing typically worn in the Gulf of Arabia region.  
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2.3.3. Physiological Variables 

  Physiological variables that affect a person perception of comfort include skin 

temperature (!!"), core or internal temperature (!!", sweat rate, skin wittedness (!, and 

thermal conductance (!) between the core and skin. 

  Skin temperature, the core temperature and sweat rate are physiological indices. Skin 

wittedness is an objectively determined physiological index based on the degree of the real 

sweating rate compared to the maximum rate of sweating that would happen if the skin were 

totally wet.  

2.4. Mathematical Models for Predicting Thermal Comfort 

  Based on the variables mentioned above, several different thermal comfort standards 

have been developed over the last 30 years [Fanger 1980; ASHRAE 1981; ISO 1984; Joki, 

1987]. The most common comfort model was developed by Fanger (the Fanger Comfort 

Model).  The J.B. Piece Foundation created the Piece Two-Node Model, and the KSU Two-

Node Model was developed by researchers at Kansas State University [Berglund, 1978]. 

These models all use the principle of energy balance, along with energy exchange 

mechanisms and hypothetical physiological parameters to anticipate the thermal sensations 

and the physiological responses of an individual in response to their surroundings, but each 

model uses a different combination of variables.  

  These models identify the comfort zone based on how the personal and physiological 

variables interact with the physical environment. Thermal comfort prediction models usually 

use either the seven-point or the nine-point thermal sensation scale, as shown in Tables 2.1 

and 2.2. 
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Table 2. 1 Seven-point thermal sensation scale, source: [Fanger, 1970] 

  Scale Sensation 

3 Hot 

2 Warm 

1 Slightly warm 

0 Neutral 

-1 Slightly cool 

-2 Cool 

-3 Cold 

 

Table 2. 2 Nine-point thermal sensation scale, source: [Fanger, 1970] 

Scale Sensation 

4 Very hot 

3 Hot 

2 Warm 

1 Slightly warm 

0 Neutral 

-1 Slightly cool 

-2 Cool 

-3 Cold 

-4 Very cold 

 

2.4.1. Fanger Comfort Model 

Fanger was the first to develop and publish a comfort model [Fanger, 1967; Fanger, 

1972]. Fanger’s work played an important role in the creation of the other two models. The 

Fanger model is the most well-known and easiest to use. 

 

2.4.1.1. Predicted Mean Vote (PMV) and Predicted Percentage Dissatisfied (PPD) 

Fanger conducted numerous experiments at Kansas State University and the 

Technical University of Denmark using the seven-point scale of thermal sensation to 
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examine human subjects in different environments. His research was often focused on 

comparing the thermal sensations experienced by different people in the same environment. 

The goal of creating this model was to establish a method of energy analysis that considers 

all types of energy loss (L) from the body (including the convection and radiant losses from 

the external surface of garments, the heat loss by water vapor dispersion through the skin, the 

heat loss through evaporation of sweat from the skin surface, the inactive and dry breath heat 

loss and the heat exchange from the skin to the external surface of the garments). The model 

calculates the energy loss by determining: 

 

! = !                    Eq. 2. 4 

 

! = !!"# + !!"# + !!" +!                                                                                              Eq. 2. 5 

 

!!"# = !!"# + !!"# = 0.0023! 44 − !! + 0.0014! 34 − !!                                          Eq. 2. 6 

 

!! = ℎ!×!!" !!" − !!                                                                                                       Eq. 2. 7 

 

!! = !!""!!"!" !!"#! − !!"!                                                                                                Eq. 2. 8 

 

!!"# = !! + !!                                                                                                                Eq. 2. 9 

 

For ! > 58.2,!!"# = 0.42 ! − 58.2                                                                             Eq. 2. 10  

 

For ! ≤ 58.2, !!"# = 0                                                                                                  Eq. 2. 11 

 

!!"## = 0.68×0.61 !!" − !! = 0.4148 !!" − !!                                                           Eq. 2. 12 

 

 

Where, 

!: Metabolic rate per unit area, ! !! 

!: All the modes of energy loss from body, ! !! 
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!!"#: The rate of respiratory heat loss, ! !! 

!!"#: Sensible heat flow from skin, ! !! 

!!: The rate of convective heat loss, ! !! 

!!: The rate of radiative heat loss, ! !! 

!!": Total evaporative heat loss from skin, ! !! 

!!"#: The rate of latent respiratory heat loss, ! !! 

!: The rate of heat loss due to the performance of work, ! !! 

!!"#: Rate of convective heat loss from respiration, ! !! 

!!: Water vapor pressure in ambient air, Torr 

!!: Air temperature, °! 

!!": Clothing surface temperature, °! 

!!"#: Clothing surface temperature (Absolute), °! 

!!": Mean radiant temperature, °! 

ℎ!: Convective heat transfer coefficient, ! !! °! 

!!": The ratio of clothed body 

!!"": The fraction of surface effective for radiation, (= 0.72) 

And, 

0.68 is the passive water vapor diffusion rate, (g/h m2 Torr) 

0.61 is the latent heat of water, (W h/g) 

 

 

!!" = 1.92!!"# − 25.3                                                                                                    Eq. 2. 13 

 

!!"# = 35.7 − 0.028!                                                                                                     Eq. 2. 14 

 

where,  

!!": Saturated water vapor pressure at required skin temperature, Torr 

!!"#: Skin temperature required to achieve thermal comfort, °! 
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These equations can be used to obtain the energy loss (L) if the skin temperature and 

evaporative sweat rate that a thermally comfortable subject would have on an assumed set of 

conditions are determined. After that, utilizing the thermal sensation votes from subjects at 

KSU and Denmark, a Predicted Mean Vote (PMV) thermal sensation scale is focused around 

how the energy loss (L) strays from the metabolic rate (M) in the accompanying structure: 

 

!"# = 0.303!!!.!"#! + 0.028 ! − !                                                                        Eq. 2. 15 

 

Predicted Percent of Dissatisfied (PPD) people at each PMV is calculated as follows: 

 

!!" = 100 − 95.0. !"# −0.03353.!"#! − 0.2179.!"#!                                          Eq. 2. 16 

 

 
Figure 2. 1 Predicted Percentage of Dissatisfied (PPD) as function of Predicted Mean Vote (PMV) (ASHRAE 

Handbook of Fundamentals, 2005) 

 

On the seven-point sensation scale, the acceptable thermal comfort range is -0.5 to 

+0.5 PMV, which corresponds to a PPD of 10% or less.  Figure 2.1 shows that even at a 

thermal neutrality of PMV=0, 5% of the occupants are still expected to feel uncomfortable. 

This model is often used for both practical applications and field assessment of comfort 

conditions. The PMV model is useful for anticipating comfort responses in a state in which 

the environment is constant [Szokolay and Auliciems, 2007]. 
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2.4.2. Pierce Two-Node Model 

The two-node model can be used to predict physiological responses or responses to 

transient situations for low and moderate levels of activity in cool to very hot environments 

[Gagge et al. 1971, 1986]. 

At the John B. Penetrate Foundation at Yale University in 1970, the Pierce Two-

Node model was created to simplify the more complex thermoregulatory models developed 

by Stolwijk and Hardy in 1966 [Gagge et. al, 1970]. This model has been expanded several 

times since its creation. The latest form of the model is included in the 1986 ASHRAE 

Transactions [Gagge et.al, 1986].  

The theory behind the Pierce model is that the human body is two isothermal 

compartments: one is the interior part or center (where all the metabolic heat is produced), 

and the skin is the other compartment. The boundary between the two compartments changes 

on the skin blood flow per unit of skin surface area; depicted by alpha (α). Alpha is the 

fraction of the total body mass that is attributed to the skin compartment [Doherty and Arens 

1988]. 

 

! = 0.0417737 + !.!"#$%&'
!"#$!!.!"!#$%                                                                                     Eq. 2. 17 

 

Where, 

!"#$: Skin blood flow, !!! ℎ! 

 

The deviations of the core, skin and mean body temperatures from their individual set 

points were taken into account in this model. The components that help to regulate body 

temperature include sweating, skin blood flow, and shivering [Doherty and Arens 1988]. 

Fountain and Huizenga developed the most recent version of the Pierce model 

[Fountain and Huizenga, 1997]. They utilize the concept of Standard Effective Temperature 

(SET), defined as “the dry-bulb temperature of a speculative environment at 50% relative 

humidity for subjects wearing clothing that would be typical for the assumed activity in the 

real environment”. They also used the idea of Effective Temperature (ET), defined as “the 

dry-bulb temperature of a speculative environment at 50% relative humidity and constant 
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temperature (Ta = MRT) where the subjects would encounter the same physiological strain 

as in the genuine environment”.  

This Pierce model uses the SET or ET (instead of the operative temperature in the 

traditional PMV model) to create a new PMV index that is intended specifically for humid 

and dry surroundings. The PMV index reflects the changes in vapor permeation efficiency of 

different garments. 

 

!"#$% = 0.303!!!.!"#! + 0.028 ! − !!"                                                                Eq. 2. 18 

 

!"#$%& = 0.303!!!.!"#! + 0.028 ! − !!"#                                                             Eq. 2. 19 

  

Where, 

!: Internal heat production rate of an occupant per unit area (= M – W), !!! 

!!"∗: All the modes of energy loss from body at ET*,!!
!
 

!!"#∗: All the modes of energy loss from body at SET*,!!
!
 

 

Also, the TSENS and DISC indices are used in the Pierce Two Node Model to 

estimate thermal comfort. TSENS is based on the average body temperature. DISC is 

characterized by the relative thermoregulatory strain that is expected to realize a condition of 

comfort and thermal balance, and DISC is a function of the heat stress and heat strain in 

warm surroundings and similar to TSENS in cold surroundings. Both of these indices rely on 

an 11-point scale, similar to the PMV index, but with extra values of ±4 and ±5 indicating 

very hot/cold and intolerably hot/ cold.   

The four main thermal comfort indices, (PMVET, PMVSET, TSENS, and DISC) 

utilize the Pierce Model, and the last two can be calculated using the following equations: 

 

!!!! !.!"#
!".! ! −! + 36.313                                                                                       Eq. 2. 20 

 

!!!! !.!"#
!".! ! −! + 36.664                                                                                       Eq. 2. 21 
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!"#$"! = 0.68175 !! − !!!! !! ≤ !!!!                                                                       Eq. 2. 22 

 

!"#$"! = 4.7 !! − !!!! !!!! − !!!! !! > !!!!                                                         Eq. 2. 23 

 

!"#$ = ! !!"#!!!"#!!"#$
!!"#!!!"#!!"#$!!!"##

                                                                                          Eq. 2. 24 

 

where, 

!!!!: Mean body temperature when DISC is zero (lower limit), °! 

!!!!: Mean body temperature when HSI is 100 (upper limit), °! 

!!: Mean body temperature 

!"#$: Predicted discomfort vote 

!!"#: The rate of heat loss from the evaporation of regulatory sweating,!!! 

!!"#: Maximum evaporative heat loss, !!! 

!!"#: The rate of heat loss from the diffusion of water vapor through the skin, !!! 

 

2.4.3. KSU Two-Node Model 

In 1977, Azer and Hsu developed this model at Kansas State University [Azer and 

Hsu, 1977]. There are no fundamental differences between the KSU model and the Pierce 

model, except that this predicts thermal sensation (TSV) in a different manner depending on 

whether the surroundings are warm or cold. 

In cold environments, The KSU two-node model relies on the variations that appear 

in the thermal conductance between the center and the skin temperature. In warm 

environments, it relies on variations in skin wittedness.  

Metabolic heat production, in this model, is created in the center. The center exchanges 

energy with the surroundings by breathing and convection as well as through radiation of 

skin. The model also accounts for the fact that body heat is lost through evaporation of sweat 

and water vapor diffusion through the skin. Therefore, in cold or warm conditions 

respectively, TSV is a function of a vasoconstriction factor (!!") as: 
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!"# = −1.46×ℇ!" + 3.75×ℇ!"! − 6.17×ℇ!"!                                                                   Eq. 2. 18 

 

!"# = 5.0 − 6.56 !" − 0.5 ×ℇ!"!                                                                             Eq. 2. 26 

 

Based on set point temperatures in the skin and center, control signals are brought 

into passive system equations. These equations incorporate mechanisms to account for small 

changes in time and slight increases in center and skin temperature. The thermoregulatory 

mechanism is modulated by these signals; they also control the peripheral blood stream, the 

sweat rate, and the active muscle shivering that increases metabolic heat. Based on the 

correlation between the deviations in skin and center temperatures from their set points, the 

controlling functions of skin conductance (!"), sweat rate (!!"), and shivering (!!!!") were 

developed.  

Two more variables are introduced by this model and utilized in associating thermal 

sensations with their physiological responses. Warm thermal sensations are correlated with a 

wittedness factor instead of being correlated with skin wittedness. Cold thermal sensations 

are associated with the vasoconstriction factor instead of the skin temperature.  

 

2.5. Thermal Comfort Standards 

  The definition of a “standard” is: “a definite level of excellence, attainment, or 

definite degree of any quality, viewed as a prescribed object, or as the measure of what is 

adequate for some purpose” [Simpson, 1989]. In the 1930s, neither energy conservation nor 

the environmental impacts of energy use were important issues when assessing thermal 

comfort. The focus was on improving conditions in the workplace to increase productivity. 

The UK Medical Research Council Industrial Health Board produced the report “The 

Warmth Factor in Comfort at Work” [Bedford’s Report, 1936]. It addressed the issue of 

workers’ dissatisfaction and the negative impact that dissatisfaction had on productivity. 

These conditions, and the desire to increase productivity, eventually led to the search for 

international standards for regulating temperature. These standards have suggested that a 

minimum percentage of a building’s occupants should be thermally comfortable [Fanger, 

1972; Gagge, 1973]. The most common recommendation is that at least 80% of the 
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occupants should be thermally comfortable [ASHRAE 55, 2013]. 

The standards typically recommend temperatures based on the type of building, the 

presumed level of activity of the occupants and the clothing insulations of the occupants. The 

invention of air-conditioning in the early twentieth century made it much easier to maintain 

comfort inside buildings. In Fanger’s classic book on thermal comfort, he emphasized that 

developing thermal comfort standards was urgently needed to meet the need of the HVAC 

industry [Fanger, 1970]. Following Fanger’s seminal work, many scholars began trying to 

create thermal comfort standards that would allow people to determine the conditions in 

which occupants would perform better (working and learning).    

There are three well-known and internationally utilized thermal comfort standards: 

ISO Standard 7730, the ASHRAE Standard, and the CEN Standard EN15251. These 

standards are frequently modified, so it is essential to monitor them for any relevant changes. 

 

2.5.1. ISO 7730  

The International Standards Organization (ISO) is based on the calculations of the 

PMV/PPD indexes, but it also uses additional criteria. It includes a table of measured values 

(metabolic rates and thermal insulation) for a variety of different activities and clothing 

items. Recent revisions of ISO 9920 have included various thermal insulation values based 

on different cultural customs as well as climate.  

Based on the range of PMV and the nature of the specific building, ISO categories buildings 

into three classes (see Table 2.3). These basic categories are also widely used by other 

international standards, such as EN15251 and ASHRAE 55 [Arens et al., 2010].  
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Table 2. 3 Categories of thermal environment, source: [ISO 7730, 2004] 

Category 

 

Thermal state of the body as a whole 

PPD (%) PMV 

A <6 −0.2 <PMV < + 0.2 

B <10 −0.5 <PMV < + 0.5 

C <15 −0.7 <PMV < + 0.7 

 

 
Table 2.4 An example of design criteria for spaces in various type of building; Source: [ISO 7730, 2004] 

Type of 
building/space 

Activity 

W/m
2
 

Category 
Operative temperature °C 

Maximum mean 

air velocity 
a 

m/s 

Summer Winter Summer Winter 

Single office 

70 

A 

 
24.5 ± 1.0 22,0 ± 1,0 0,12 0,10 

Landscape office 

Conference room 
B 24.5 ± 1.5 22,0 ± 2,0 0,19 0,16 

Auditorium 

Cafeteria/restaurant 
C 24.5 ± 2.5 22,0 ± 3,0 0,24 0,21 

Classroom 

Kindergarten 

81 

A 23.5 ± 1.0 20,0 ± 1,0 0,11 0,10 

B 23.5 ± 2.0 22,0 ± 2,5 0,18 0,15 

C 23.5 ± 2.5 22,0 ± 3,5 0,23 0,19 

Department store 

93 

A 23.0 ± 1.0 19,0 ± 1,5 0,16 0,13 

B 23.0 ± 2.0 19,0 ± 3,0 0,20 0,15 

C 23.0 ± 3.0 19,0 ± 4,0 0,23 0,18 
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A maximum dissatisfaction level for the body as a whole is presented by each 

category A, B, and C. The ratios express a compromise between the goal of minimizing the 

number of people who are dissatisfied and the limitations of existing heating and cooling 

techniques. The three categories shown in this table apply to environments where occupants 

experience the same thermal surrounding. The number of people dissatisfied can be 

minimized by providing the individual with control over the local air temperature, mean 

radiant temperature, air velocity and relative humidity; this technique can alleviate the 

problems that result from significant differences in personal preferences [ISO 7730, 2004]. 

Modification of clothing and activity levels can also play an important role in combatting the 

problems that arise from personal preferences.  

Table 2.4 represents the design criteria for typical levels of activity and clothing. It 

suggests that an occupant will perform light activity range of 70-93 Watts, wear clothing of 

0.5 Clo during the summer and 1.0 Clo during the winter. A turbulence intensity of 

approximately 40% mixing ventilation is used for the mean air velocity variable, and the air 

temperature is assumed to be equal to the operative temperature. Relative humidity of 60% 

and 40% is utilized for summer and winter respectively. A low temperature in the range for 

both summer and winter is used to determine the maximum mean air velocity.  

These criteria are acceptable for any conditions that are identical to the ones given, 

but they may be used for other types of spaces with similar features.  

 

2.5.2. ASHRAE 55  

The American Society of Heating Refrigeration and Air-Conditioning Engineers 

(ASHRAE) is co-sponsored by the American National Standards Institution (ANSI). Due to 

the increasing number of branches around the world (outside the USA), the ASHRAE 

standard is effectively an international standard.  

The standard is similar to ISO 7730 in that it is based on PMV/ PPD calculations. 

The ASHRAE Standard was the first to introduce the adaptive model of thermal comfort. 

This newer model is based on data obtained from the ASHRAE project RP884 [de Dear, 

1998]; it uses the relationship between the indoor comfortable temperature and the 
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temperature outside to allocate an acceptable range of thermal comfort in free-running 

buildings. 

 
Table 2. 5 An example of design criteria for operative temperature for typical spaces; Source: [ASHRAE 55, 
2004] 

Type of 
Building/Space 

Clothing 

Activity 
met Category 

Operative Temperature 

Cooling 
Season 

(Summe
r) clo 

Heating 
Season 

(Winter) 
clo 

Cooling Season 
(Summer) °C 

Heating Season 
(Winter) °C 

Office 0.5 1.0 1.2 

A 24.5 ± 0.5 22.0 ± 1.0 

B 24.5 ± 1.5 22.0 ± 2.0 

C 24.5 ± 2.5 22.0 ±3.0 

Cafeteria/ 
Restaurant 0.5 1.0 1.4 

A 23.5 ± 1.0 20.0 ± 1.0 

B 23.5± 2.0 20.0 ± 2.5 

C 23.5 ± 2.5 20.0 ± 3.5 

Department 
Store 0.5 1.0 1.6 

A 23.0 ± 1.0 19.0 ± 1.5 

B 23.0 ± 2.0 19.0 ± 3.0 

C 23.0 ± 3.0 19.0 ± 4.0 

 

The ASHRAE standard introduced indoor comfort ranges for a variety of new 

buildings. Table 2.5 lists the operative temperatures recommended for different types of 

spaces based on the associated metabolic rates and clothing insulation values. It lists 

criteria for general thermal comfort based on PMV-PPD calculations for three levels of 

acceptable ranges in different types of spaces. These recommendations are based on 

occupants engaged in a light activity (<1.2 met) and a clothing insulation level of 0.5 Clo 

(during summer) and 1.0 Clo (during winter). Relative humidity is also assumed to have a 

range of 30 to 60%. 

For airport terminals, the ASHRAE Handbook recommends operative temperatures 

of 21-23 °C with a relative humidity of 30-40% in winter and operative temperatures of 23-

26 °C with a relative humidity of 40-55% in summer [ASHRAE, 2003]. Figure 2.2 shows 

the comfort zone where 80% of sedentary or slightly active occupants would feel thermally 
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comfortable. It specifies the summer and winter comfort zones that are suitable for clothing 

insulation levels of 0.5 and 0.9 clo, respectively. 
 

 
Figure 2. 2 ASHRAE summer and winter comfort zone [ASHRAE Handbook of Fundamentals, 2001] 

 

2.5.3. European Standard EN15251  

In response to requests from the European Union for a standard to improve the 

energy performance of buildings, EN15251 was developed by the Committee European de 

Normalisation (CEN). Their assessment of energy consumption included other indoor 

environmental factors such as indoor air quality, lighting, and acoustics. The standard 

follows the general principles of ASHRAE regarding using PMV model in mechanically 

cooled buildings and the adaptive standard for free-running buildings. The EN15251 

categorizes buildings based on the nature of the building and the thermal expectations 

associated with each type of building (see Table 2.6).  

The adaptive standard in the EN15252 is similar to the one included in ASHRAE 55, 

except that it uses the data collected from European SCATs projects (research performed in 

five European countries) instead of the ASHRAE RP884 database.  
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Table 2. 6 Category descriptions and limit for mechanically conditioned (PMV) and free-running (K) 

buildings; Source EN15251 

Class/ category Description 
Limitation 

PMV 

Limitation 

K 

I 
High level of expectation and is recommended 

for spaces occupied by very sensitive occupants 
± 0.2 ± 2 

II 
Normal level of expectation and should be used 

for new buildings and renovations 
± 0.5 ± 3 

III 
An acceptable, moderate level of expectation 

and may be used for existing buildings 
± 0.7 ± 4 

 

 

Table 2. 7 Example of temperature ranges for hourly calculation of cooling and heating energy in three 

categories of indoor environment; Source: [EN15251, 2006] 

Type of building/ space Category 
Activity 

level 
(met) 

Temperature range 
for heating, °C 

Temperature range 
for cooling, °C 

Clothing ~ 1.0 clo Clothing ~ 0.5 clo 
Residential buildings, living spaces 
(bed room’s living rooms etc.)  

 

I 

1.2 

21.0-25.0 23.5-25.5 
II 20.0-25.0 23.0-26.0 

III 18.0-25.0 22.0-27.0 

Residential buildings, other spaces 
(kitchens, storages etc.)  

 

I 

1.5 

18.0-25.0 - 
II 16.0-25.0 - 

III 14.0-25.0 - 

Offices and spaces with similar 
activity (single offices, open plan 
offices, conference rooms, 
auditorium, cafeteria, restaurants, 
class rooms,  

I 

1.2 

21.0-23.0 23.5-25.5 
II 20.0-24.0 23.0-26.0 

III 19.0-25.0 22.0-27.0 

Kindergarten 

 

I 
1.4 

19.0-21.0 22.5-24.5 
II 17.5-22.5 21.5-25.5 
III 16.5-23.5 21.0-26.0 

Department store  

 

I 
1.6 

17.5-20.5 22.0-24.0 
II 16.0-22.0 21.0-25.0 
III 15.0-23.0 20.0-26.0 

 

Table 2.7 shows the different comfort zones that are appropriate based on the intended 

use of the building and the categories from Table 2.6. This data also takes variables like 

activity level and type of space into consideration to determine the correct range of operative 
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temperatures. Like other standards, it assumes clothing insulation values of 0.5 and 1.0 for 

summer and winter, respectively.  It also assumes that the air movement is still and the 

relative humidity is 50% for both winter and summer.  

 

2.5.4. CIBSE Concise Handbook 

The recent additions of the CIBSE Guide Handbook provide recommendations on the 

appropriate summer and winter operative temperature ranges for different types of buildings 

and spaces using the PMV index. This book was specifically created for HVAC buildings. 

Comfort zones for both seasons for specific areas within a building are based on a PMV of ± 

0.5. Moreover, the assumption that clothing insulation levels during the summer, and the 

winter are 0.65 Clo and 1.15 Clo, respectively. Table 2.8 shows the recommended operative 

temperature ranges and associated activity levels for airport terminal spaces recommended 

by CIBSE in 2006.  

 
Table 2. 8 CIBSE recommendations for indoor comfort operative temperature during summer and winter for 

airport terminals 

Airport’s spaces 
Operative temperature (°C) 

Activity (met) 
Summer Winter 

Baggage Reclaim 21-25 12-19 1.8 

Check-in area 21-23 18-20 1.4 

Concourse (no seats) 21-25 19-24 1.8 

Customs area 21-23 18-20 1.4 

Departure lounge 22-24 19-21 1.3 

 

 

2.6. Adaptive Approach to Thermal Comfort 

Despite the fact that all of the international standards are based on experiments and 

studies involving people in moderate and cool climates, there is still a general assumption 

that these indices represent the optimum comfort level for all people regardless of their 

location, culture, and history. Fanger went as far as to claim that thermal preferences of 

humans are all the same irrespective of where the person lives [Fanger, 1982].  However, 

more recent studies in the field of thermal comfort are concluding that occupants in different 
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geographical locations have different thermal expectations and preferences. Many of these 

studies monitored real occupants interacting with built environments, as opposed to 

laboratory experiments using climate chambers.   

The adaptive approach of thermal comfort is not based on thermoregulatory modeling 

like the comfort indices discussed above. It is, rather, based on the premise that there is a 

range of actions a person can perform to achieve thermal comfort, and that discomfort results 

from constraints imposed on the range of action by social, physical, or other factors 

[Bessoudo, 2008]. The adaptive approach also considers the impact the outdoor temperature 

has on comfort. Numerous researchers have undertaken comfort studies to try to correlate the 

sensations of thermal comfort with other variables. As a result, they found that people will 

often accept, and sometimes even prefer, a wider range of temperatures than those prescribed 

by the international standards [de Dear and Barger, 1998].  

The adaptive approach is best explained with the adaptive principle: “if a change 

occurs such as to produce discomfort, people react in ways which tend to restore their 

comfort” [Nicol and Humphreys, 2002]. The adaptive approach depends on many factors, 

including the outdoor environment, the HVAC system available, and time. Studies also 

found a strong, constant correlation between comfort temperature (!!) and mean outdoor air 

temperature (!!) in free-running buildings, but a more complex and changing correlation in 

mechanically cooled or heated buildings. The adaptive approach is a significant change in 

the way thermal comfort is perceived and has been incorporated in some standards. 

[ASHRAE 55, 2004; CEN, 2007].  

There are three basic categories of thermal adaptation: behavioral, physiological and 

psychological.  

 

2.6.1. Behavioral Variables 

Occupants play an important role in ensuring that they do not feel uncomfortable. 

People avoid discomfort by taking action in response to cold or heat. People use adaptive 

strategies like opening/closing windows, turning on fans, and adjusting blinds/shades to 

modify their thermal environment to suit their personal preferences. The most common 

behavioral responses to discomfort are changing clothes, changing posture, and moving 



Literature Review 

 
 

34		

between different thermal environments. These strategies are commonly used by occupants 

in naturally ventilated buildings, but some of them are also utilized in HVAC buildings.  

The five basic types of adaptive behaviors are  [Nicol and McCartney,2001; Haldi and 

Robinson, 2009; Yun and Steemers, 2008]: 

1. Regulating the rate of internal heat generation. 

2. Regulating the rate of body heat loss. 

3. Regulating the thermal environment. 

4. Selecting a different thermal environment. 

5. Modifying the body’s physiological condition.  

Several behavior models have been developed to consider the impact of adaptive 

behaviours on energy assessments. For example, several models are based on opening a 

window and operating a fan: the potential impact of the behavior has on temperature is then 

analyzed with regard to energy consumption [Haldi and Robinson, 2010; Rijal et al., 2001].  

 

2.6.2. Physiological Variables (thermoregulation) 

Thermoregulation is defined as “the ability of an organism to keep its body 

temperature within certain boundaries, even if the surrounding temperature is very 

different.”The human body has a variety of different ways to maintain a consistent 

temperature despite any fluctuations in the temperature and environment. For example, 

vasoconstriction (the reduction of blood flow to the skin to decrease skin temperature and 

heat dissipation) is utilized in cold environments.  In warm environments, vasodilation (an 

increase in the blood flow to the skin to increase skin temperature and heat dissipation) plays 

an important role [Szokolay, 2010]. If these vasomotor adjustments are not sufficient to 

regulate the body temperature in a hot environment, the body will use evaporative cooling by 

producing sweat. In a cold environment, the body uses shivering to force muscles to work 

and increase heat production.  

Long term (few days to six months) exposure to extreme temperatures can lead to 

cardiovascular and endocrine modifications. For example, in very hot environments, the 

body will increase its blood volume to enhance the effectiveness of vasodilation and increase 
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the production of the sweat to maintain thermal comfort. In cold environments, 

vasoconstriction may become incessant, which leads to lower blood volume and a reduction 

in body metabolic rates [Szokolay, 2010].      

 

2.6.3. Psychological Variables 

The psychological aspect of thermal comfort reflects the fact that people have unique 

experiences and therefore have different preferences in thermal comfort; they also have 

different ways of responding to thermal discomfort. There is a strong relationship between 

the outdoor temperature and what operative temperature is considered comfortable inside. In 

fact, some studies reported that using an adaptive model that recommends a comfort zone 

based on the outdoor temperature is twice as likely as PMV indices to result in genuine 

comfort for the occupants [de Dear and Brager, 1998].  

 

2.6.4. The Basic Adaptive Relationship (background) 

In the 1970s, Humphreys demonstrated that there is a strong relationship between the 

comfort temperature and the mean indoor temperature [Humphreys, 1976]. He argued that a 

similar relationship existed between the indoor comfort temperature and the outdoor 

temperature. Humphreys’ work was based on meta-analysis from all over the world (30 field 

surveys conducted between 1930 and 1975).  This graph reveals the relationship between 

comfort temperature in both free-running and air-conditioned buildings and the outdoor 

temperature: the comfort temperature in naturally ventilated (NV) buildings has a linear 

relationship with the outdoor temperature, but a curvilinear relationship in HVAC buildings 

[Humphreys, 1978].  

Figure 2.3 also recommends a zone of about 4 °C in which an average occupant 

should feel thermally comfortable. In 2010, Humphreys analyzed the comfort operative 

temperature data collected since 1978 (ignoring all the data gathered before 1978) and found 

that the mean comfort operative temperature had increased by about 2K in both types of 

buildings. This suggested that people may have adapted to higher indoor operative 

temperatures. 

People who occupy an air-conditioned building have many different expectations 

than those who occupy naturally ventilated buildings [deDear and Brager, 1998]. It is widely 
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accepted that expectations play an important role in the individual’s perception of what kind 

of environment constitutes thermal comfort.  

Adaptive standards are based on the correlation between indoor comfort temperature 

and the outdoor temperature. 

 

 
Figure 2. 3 Humphrey’s graph of 1978 that shows how the outdoor air temperatures has an impact on the 

indoor comfort temperatures in both free-running and air-conditioned buildings 

 

 
Figure 2. 4 Neutral temperature against the mean operative temperature in a large number of survey 

populations, source: M. Humphreys 
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The revised ASHRAE Standard 55 illustrates that indoor comfort temperatures in 

both HVAC and NV have a linear relationship with the changing outdoor temperature 

(estimated to be R²= 53% and 70% respectively) [De Dear and Brager, 2002]. The data in the 

RP-884 database was used to make predictions based on Fanger’s PMV. The study 

concluded that in HVAC buildings the comfort zones predicted by each method were almost 

identical, but there were big differences in NV buildings (see figure 2.5 a and b).  

 

 
Figure 2. 5 Observed and predicted indoor comfort temperatures for HVAC buildings (top), and for naturally 

ventilated buildings (bottom) from RP-884 database, source: [ASHRAE 55, 2002] 

 

2.6.4.1. Neutral temperature and Indoor Temperature Equations 

 Humphreys found a strong correlation between the neutral temperature (!") and the 
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mean indoor temperature (!") and revealed Tn can range from 17 to 30 °C by external 

temperature or Ti [Humphreys, 1976]. The simple regression equation is given by:  

 

!! = 2.56 + 0.83×!!                                                                                                       Eq. 2. 27 

! = 0.96  

 

Another study found a different correlation between Tn and Ti [Auliciems and de 

Dear, 1986]. This correlation is expressed as: 

 

!! = 0.73!! + 5.41                                                                                                         Eq. 2. 28 

 

During work to develop a neutral temperature/indoor temperature regression equation 

for a free-running building in Ilam city, Iran, equation 2.29 (based on two short-term field 

surveys) was created [Heidari and Sharples, 2000]: 

 

!! = 0.68!! + 7.42                                                                                                         Eq. 2. 29 

!! = 0.76!! + 5.54 

 
Figure 2. 6 Scatter plot of neutral temperatures against the mean operative temperature, source: [Humphreys et 

al., 2005] 
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They found a similar correlation to the one found by Auliciems and de Dear which 

has a lower slope than the one found by Humphreys. Relying on data from a long-term field 

study, they devised a regression equation that is higher than that of Auliciems’ regression 

equation and still lower than the Humphreys’ slope: 

 

!! = 0.76!! + 5.54                                                                                                         Eq. 2. 30 

 

A similar relationship was found between the neutral temperature and the mean of the 

operative temperature [Humphreys et al., 2005]. New data from independent surveys was 

used; surveys having less than 20 participants were not considered. The equation is given by: 

 

!! = 6.89 + 0.70!!"                                                                                                       Eq. 2. 31 

! = 0.92  

 

This equation is equivalent to that created in 1976. 

 
 

2.6.4.2. Neutral Temperature and Outdoor Temperature Equations 

 Humphreys also analyzed the relationship between the mean outdoor temperature (Tm) 

and the indoor comfort temperature in free-running buildings (no HVAC system) and found 

a strong correlation. The regression equation, therefore, for a free-running building is given 

by:  

 

!! = 11.9 + 0.534×!!                                                                                                   Eq. 2. 32 

! = 0.97  

 

He demonstrated that there is a weaker correlation between the indoor comfort and 

the outdoor temperature ! = 0.72 , and curvilinear equation form of ! ! = !. !"# −! ! was 

generated: 

 

!! = 23.9 + 0.295 !! − 22 . !"# [(!! − 22)/( 24 2 ]!                                                 Eq. 2. 33 
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Five years later, Auliciems conducted further field investigations and found very similar 

correlations by utilizing a vast range of data in both air-conditioned and free-running 

buildings. He concluded that this correlation is valid for use in places where the outdoor 

mean temperature ranges between 18 to 28 °C (see figure 2.7) [Auliciems, 1981]: 

 

!! = 17.6 + 0.31 ∗ !!      Air-conditioned    (! = 0.88)                                                 Eq. 2. 34 

                                        Free-running        (! = 0.95)  

 

Another major study found closely matching correlations [de Dear et al, 1997]: 

 

!! = 17.8 + 0.31×!!                                                                                                     Eq. 2. 35 

 

An investigation of free-running buildings in Europe found correlations almost 

identical to Humphreys’ using regression analysis [Griffiths, 1990]: 

 

!! = 12.1 + 0.534×!!                                                                                                   Eq. 2. 36 

 

Six years later, Nicol and Roaf performed field investigations in Pakistan. They 

found a relationship very similar to the one found by Auliciems and de Dear [Nicol and 

Roaf, 1996]: 

 

!! = 17 + 0.38×!!                                                                                                        Eq. 2. 37 

! = 0.975  
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Figure 2. 7 Correlation of indoor neutrality with monthly mean outdoor temperature 

 

 

!! = 17.8 + 0.31×!! 

 

 

!! = 12.1 + 0.534×!! 

 

 

!! = 17 + 0.38×!! 
! = 0.975  

 

The correlation between indoor comfort and outdoor temperatures in free-running 

buildings has remained steady since Humphreys’ research of the 1970s and the 1998 

ASHRAE database when compared to more recent studies [Humphreys, 1978, de Dear, 

1998, Humphreys and Nicol, 2000]. The equation is: 

 

!!"#$ = 13.5 + 0.54!!                                                                                                  Eq. 2. 38 
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Where the correlation coefficients are:! = 0.97 for data of 1978 and ! = 0.95 for 

ASHRAE database.    

The results from a short and long-term comfort field study in Iran (Ilam city) were 

compared with Humphrey’ and Auliciems studies [Heidari and Sharples, 2000]. The 

regression equation derived from mean outdoor and neutral temperatures is: 

 

!! = 18.1 + 0.292!!                                                                                                      Eq. 2. 39   

 

 

 
Table 2. 9 ACA for individual European countries of (Nicol and McCartney, 2002) 

 
Country 

ACA 

Winter Summer 

France 0.049!!"80 + 22.58 0.206TMR80 + 21.42 

Greece na 0.205TMR80 + 21.69 

Portugal 0.381TMR80 + 18.12 0.381TMR80 + 18.12 

Sweden 0.051TMR80 + 22.83 0.051TMR80 + 22.83 

UK 0.104TMR80 + 22.58 0.168TMR80 + 21.63 

!!": is mean radiant temperature (°C) 

 

Nicol and McCartney conducted further field investigations across Europe including 

(France, Greece, Portugal, Sweden and the UK) as a part of Smart Controls and Thermal 

Comfort (SCATs) [Nicol and McCartney, 2002]. The objective of this project was to develop 

an adaptive control algorithm (ACA) as a substitute for fixed operative temperature set point 

controls within buildings. This study has revealed that the use of the ACA has the potential 

for energy savings with no reduction in the overall thermal comfort levels of occupants. To 

achieve the highest level of accuracy, they developed an ACA for each country (see table 

2.9). 
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They also introduced equations for optimum comfort temperature for all European 

countries as follows: 

 

Free-running:               !! = 0.33!! + 18.8                                                                   Eq. 2. 40 

 

Heated or cooled:       !! = 0.09!! + 22.6                                                                    Eq. 2. 41 

 

With a slight adjustment on Humphreys’ equations of 1978 and 2000, this updated 

version based on up-to-date data was created [Humphreys et al., 2010]: 

 

!!"#$ = 0.53!! + 13.8                                                                                                  Eq. 2. 42 

 

In a recent study trying to develop adaptive thermal comfort equations for naturally 

ventilated buildings, the ASHRAE RP-884 database was divided into three climate groups 

(hot-humid, hot-dry and moderate) and then analyzed separately. As a result, the next 

equation was constructed: 

 

!!"#$%& = 0.57!!"#$% + 13.8                                                                                          Eq. 2. 43 

! = 0.64 

The equation for the hot-humid category was based on data collected from Bangkok, 

Jakarta, and Brisbane in summer and Singapore. 

!!"#$%& = 0.58!!"#$% + 13.7                                                                                          Eq. 2. 44 

! = 0.59 

The equation for the hot-dry category was based on data collected from Karachi in 

summer and winter, Multan in summer, Peshawar in summer, Quetta in summer, Saidu 

Sharif in summer, and Athens in summer. 

!!"#$%& = 0.22!!"#$% + 18.6                                                                                          Eq. 2. 45 

! = 0.09 
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The equation for the moderate category was based on data collected from Melbourne 

in summer, Peshawar in winter, Quetta in winter, Saidu Sharif in winter, Oxford in summer, 

San Francisco in summer and winter, and Liverpool in summer and winter. 

They also developed other equations for various climatic regions mentioned before 

according to outdoor monthly mean, running mean and prevailing mean temperatures.  

 
Figure 2. 8 Scatter diagram of indoor operative temperature at thermal neutrality and daily mean outdoor air 

temperatures for three climatic typologies; Source: [Toe and Kubota, 2013] 

 

A consideration of the results of all of these studies suggests that an indoor operative 

temperature between 18 to 30 °C is appropriate if the comfort zone is modified to reflect the 

outdoor temperatures, metabolic levels, and clothing insulation. Nicol and Humphreys have 

claimed that occupants can be comfortable in a range of operative temperatures no more than 

2 °C from the comfort temperature [Nicol and Humphreys, 2007]. 

 

2.7. Adaptive Comfort Models 

 The adaptive behavior of occupants plays an important role in understanding their 
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interaction with the environment. There are several ways an occupant can respond to 

uncomfortable thermal conditions indoors: add or remove clothing, change posture, move 

between various thermal conditions, and increase or decrease muscular activity [Ken 

Parsons, 2003].  All of these behaviors are intended to affect the occupants’ feeling of 

comfort. 

 The adaptive model is defined as “a model that relates indoor design temperatures or 

acceptable temperature ranges to outdoor meteorological or climatological parameters” 

[ASHRAE 55, 2002]. This model is currently used in buildings that are naturally ventilated, 

but a similar relationship could be assumed for mechanically regulated buildings since 

researchers have not found any evidence to suggest it is not true [Nicol, Humphreys, 2012]. 

International standards (ASHRAE 55) and the European Standard (CEN) have recently 

recognized that the indoor comfort temperature can vary in response to changes in the 

conditions outdoors. 

Brager, de Dear and Cooper, have analyzed the adaptive models for both free-

running and air-conditioned buildings. They concluded that these models are inapplicable to 

naturally ventilated buildings [Brager, de Dear and Cooper, 1997]. They stated that 

satisfying the occupants’ preferences can only be achieved by using an efficient mechanical 

system. Szokolay and Auliciems demonstrated that occupant comfort is affected by both 

indoor and outdoor variables, yet the international standards ignore this fact and recommend 

a static PMV [Szokolay and Auliciems, 2007].   

Field surveys regarding thermal comfort are the foundation of the adaptive approach.  

Measurements of the physical conditions are taken at the same time that occupants are asked 

to complete the survey. The comfort responses of subjects are assessed by asking them to 

provide a comfort vote using the ASHRAE or Bedford scale (see Table 2.10). The goal is to 

find the temperature at which occupant’s vote ‘neutral’ (neutral and comfortable are 

synonymous for this study). Determining what operative temperature that occupants will 

describe as neutral is a common method [Bedford, 1936; Webb, 1959; Nicol, 1973; Sharma 

and Ali, 1986; Busch, 1992; Matthews, 1995; Taki, 1999; Nicol, 1999; Bouden, 2001]).  The 

results are then used to develop mathematically based indices of thermal comfort.  

Adaptive models recommend a wider comfort zone. Unlike other models that assume 

that a single is best, adaptive models utilize a comfort range that changes throughout the day, 
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and from day to day, based on the outdoor conditions. One of the limitations of the adaptive 

models is that they are recommended for use only in locations that have similar outdoor 

climatic conditions.  

 
Table 2. 10 Two seven-point scales commonly used in thermal comfort field studies, source (ASHRAE) 

ASHRAE scale Bedford scale 

Descriptor Number Descriptor Number 

Hot +3 Much too warm 7 

Warm +2 Too warm      6 

Slightly warm +1 Comfortably warm 5 

Neutral 0 Comfortable 4 

Slightly cool -1 Comfortably cool 3 

Cool -2 Too cool 2 

Cold -3 Much too cool 1 

 

2.7.1. The Adaptive Comfort Model Based on ASHRAE Standard 55 

 The monthly mean outdoor air temperature is used by ASHRAE 55 to develop an 

adaptive comfort model. The relationship between the mean outdoor temperature and indoor 

comfort temperature has been widely recognized (see Figure 2.9). These comfortable zones 

are based on the comfort equation for naturally conditioned buildings. They were derived 

from the RP884 ASHRAE database and studies conducted by de Dear (Equation 2.81). 

Where, !!"#$ is the temperature in which most occupants feel comfortable (°C), and 

!! is the mean outdoor temperature for the survey (°C) and can be calculated using the 

following equation: 

 

!! = !!"!!!!!"!!!⋯!!!"!!"
!"                                                                                               Eq. 2. 46 

     

!! = 1 − ! !!"!! + !!!"!!                                                                                          Eq. 2. 47 

 

! = 0.8  (Recommended by CEN Standard EN 15251)                                               Eq. 2. 48 
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Also, ASHRAE 55 uses the prevailing mean outdoor temperature as the input 

variable for its model, which is the daily average outdoor temperature of no more than 30 

days and no less than seven sequential days.   

The same equation can be used for defining the comfort operative temperature ranges 

with the addition of 80% and 90% acceptability limits:  

!!""#$%  =  0.31!!  +  17.8 ∓  !!"#                                                                                       Eq. 2. 49 

 

Where !  (80) =3.5K and !  (90) =2.5k  

 

 
Figure 2. 9 Correlation between the mean outdoor temperature and comfort temperature from ASHRAE RP-

884, and from 80% to 90% acceptability limits [de Dear. Barger and Cooper, 1997] 

This model is not valid for use when the mean monthly outdoor air temperature is 

less than 10 °C or greater than 33.5 °C, and occupants should be involved in sedentary 

activity levels of 1-1.3 met [ASHRAE 55, 2004]. This model can be effectively used for 

naturally ventilated buildings with occupants that have control over the natural condition 

(behavioral and physiological adjustments).  
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2.7.2. Adaptive Comfort Models Based on European Standard EN15251  

As mentioned previously, EN15251 is similar to ASHRAE 55, but it was based on 

the SCAT database instead of the ASHRAE RP884. The next Figure is derived from this 

database to develop the model for free-running buildings as mentioned in Equation 2. 40: 

 

!!!"# = 0.33!!" + 18.8 

 

This model is recommended for use in naturally ventilated buildings and determines 

the acceptability of indoor conditions based on the 7-day weighted mean outdoor air 

temperature. 

The !!"#$ is determined based on the exponentially weighted running mean of the 

outdoor temperature (!!") with the value of !!"0.8 [Nicol and Humphreys, 2010]. The daily 

mean outdoor air temperature (!!") is calculated as following: 

 

!!" = !!"!!!!!!!!!!!!!!"!!…..
{!!!!!!…..}                                                                                        Eq. 2. 50 

 

!!" = 1 − ! {!!"!! + !"!"!! + !!!!"!!…… }                                                             Eq. 2. 51 

 

!!" = 1 − ! !!"!! + !!!!!                                                                                          Eq. 2. 52 

 

Where !!"!! is the daily average outdoor temperature for the previous day, whereas !!"!! is 

the daily average outdoor temperature for the day before and so on. ! is a constant between 0 

and 1 and determines how the running average responds to the outdoor temperature. 

Category I, 90% Acceptability Limits: 

 

!!"#$ = 0.33!!" + 18.8 ± 2.0                                                                                        Eq. 2. 53 

 

Category II, 80% Acceptability Limits: 

 

!!"#$ = 0.33!!" + 18.8 ± 3.0                                                                                        Eq. 2. 54 
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Category III, 65% Acceptability Limits:  

 

!!"#$ = 0.33!!" + 18.8 ± 4.0                                                                                        Eq. 2. 55 

 

The comfort zone for each category should guide the principles for designing and select 

HVAC systems in buildings [Olesen, 2010]. The projections of the indoor conditions can 

also be used to evaluate building performance.  
 

 
Figure 2. 10 Acceptable operative temperature ranges for naturally ventilated buildings, source: (EN15251) 

 

 

2.8. Thermal Comfort, Energy Efficiency and Government Legislation 

Legislation has been passed in many countries to establish minimum standards for 

maintaining the environment inside buildings. For example, British Parliament passed the 

Offices, Shops and Railway Premises Act of 1963, which required 16 °C as a minimum 

temperature (before the oil crises in the 1970s). Indoor environments are regulated by the 

UK Health and Safety Executive; their rules state that temperatures can range from 13 °C (in 

places where the occupants are active) to 30 °C (for sedentary occupants) [HSE, 2011]. In 

their guidelines, they also establish what is considered an acceptable percentage of occupants 

who are dissatisfied with the indoor conditions: up to 10% for air-conditioned offices, 15% 
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for free-running offices and 20% for shops. For office buildings, most guidelines recommend 

a range of indoor comfort temperatures similar to that of the Australian Standard of 21 °C to 

24 °C [AS, 1976]. Because workers can feel comfortable at a higher temperature in the 

summer, The British Council for Offices (2011) changed their recommendation for operative 

temperatures in offices from 22 °C ± 2 °C to 24 °C ± 2 °C. 

Achieving and maintaining thermal comfort for occupants within a building requires 

energy [ASHRAE, 1990; F. Nicol, 1995; Olesen, 2000]. More than a third of all energy 

consumed in the world is used to regulate and maintain the indoor condition of buildings 

[Olesen, 2005]. Moreover, in hot climatic regions this consumption increases due to the 

excessive reliance on A/C to minimize indoor temperature to comfort level. Improving 

energy efficiency and reducing energy demand has become a government obsession to help 

resolve global climate change. But unfortunately, the relationship between increased people 

income and increased energy consumption is very strong [Sorrell, 2015].  

Energy consumption can be decreased by reducing the difference between indoor and 

outdoor temperatures: this would decrease the ‘cooling load’ in summer and the ‘heating 

load’ during winter. Maximum energy efficiency is achieved if the conditions indoors are 

kept, without compromising occupant’s thermal comfort, as close as possible to the outdoor 

temperature [Mirek, 2007]. For instance, if the range of indoor comfort temperatures were 

between 24-28 °C and the outdoor temperature was higher, it is desirable, for the sake of 

energy efficiency, to choose the highest temperature in this range without exceeding the 

upper limit and vice versa in the case of winter. This technique is being used to reduce 

energy consumption in the UK; the energy consumed for heating was reduced by nearly 10 

percent simply by lowering the indoor temperature by 1 °C [Nicol and Humphreys, 2012]. 

Other governments are also experimenting with ways to reduce energy consumption. 

In 2005, the Japanese Ministry of the Environment adopted the Coolbiz program that 

suggested that occupants of government buildings should raise their thermostats to 28 °C. 

They advised workers to wear trousers made from materials that were air-permeable, short-

sleeved shirts and no jackets or ties.  A study in Shanghai showed that increasing the 

thermostat temperature in summer by 1 °C from 25 to 26 °C resulted in a 19 percent 

reduction in energy use and that a 14% reduction could be realized by reducing the 

thermostat by one degree in winter [Jiang and Tovey, 2009]. These studies illustrate that if 
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comfort standards are interpreted and applied properly, they can be a very  useful tool 

regarding improving the energy performance of buildings. Given the cost of energy and the 

negative impact energy consumption has on the environment, it is important to find ways to 

reduce energy consumption while still maintaining a state of thermal comfort for most of the 

occupants.  

Cooling and heating loads can be reduced by improving the thermal performance of 

the buildings [Nicol and Humphreys, 2012] which can be achieved by, for example, reducing 

the amount of the façade that is glazed, installing shading devices, increasing thermal mass 

levels, and using the natural ventilation strategies as much as possible. Maximum energy 

efficiency in buildings cannot be attained solely through mechanical solutions: the design of 

the building and the way in which the heating and cooling systems are managed also play an 

important role.  

 
Figure 2. 11 Per capita energy consumption by selected developed countries based on 2013 data from 

the World Bank  

 

The energy required to cool, heat and maintain a uniform operative temperature in 

regions with extreme temperature conditions is a significant contributor to global warming 

[Haves et al. 1992]. In very hot countries, such as Saudi Arabia, the excessive use of energy 

to maintain a static indoor operative temperature is a growing problem. Saudi Arabia is 
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among the most  energy consuming countries that shown in the darkest color with an average 

consumption per capita of 3,393.1 - 19,120.3 (see Figure 2.11). 

 

2.9. Thermal Comfort in PTBs 

The airport terminal serves as a link between ground and air transportations: 

passengers are grouped together, and then they go through the various stages of air travel 

[Edwards, 2005]. Passengers are frequently moving inside the building as they progress from 

one area to another. Because of the distance between some of the areas in an airport and the 

different levels of activity in each of the different zones, the terminal at KAIA has a variety 

of microclimates. 

Only a few studies assessing the thermal environment in airport terminals have been 

published [Kotopouleas and Nikolopoulou, 2014]. A study of three airport terminals in 

Greece surveyed 285 people and concluded that staff and passengers have disparate thermal 

preferences [Balaras et al., 2003]. A study in the Ahmedabad airport in India surveyed 128 

occupants and found that the vast majority felt thermally comfortable at high operative 

temperatures (24-32 °C) [Babu, 2008]. Another study reported that 95.8% of people found 

the thermal conditions acceptable in Terminal 1 of the Chengdu Shuangliu International 

Airport in China [Liu et al., 2009]. Liu used the survey results to plot the thermal sensation 

scale against a neutral temperature and obtained the following equations for winter and 

summer, respectively: 

 

!"# = 0.211!! − 4.513                                                                                                   Eq. 2.56 

 

!"# = 0.502!! − 12.952                                                                                                 Eq. 2.57 

 

The thermal comfort sensation (TCS) of zero from the equations produces a neutral 

indoor temperature of 21.4 °C in winter (comfort zone is 19.2-23.1 °C). In summer, the 

neutral indoor temperature is 25.6 °C (with a comfort zone of 23.9-27.3 °C).  

Passengers at three British airports, including London City Airport (LCY), 

Manchester Terminal 1 (MAN T1) and Manchester Terminal 2 (MAN T2) were surveyed in 

a similar study. The researchers found that passengers and staff had different satisfaction 
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levels. They also concluded that passengers were comfortable at lower operative 

temperatures than those proposed by conventional standards. The neutral temperatures for 

LCY, MAN T1, and MAN T2 during summer were 21.4, 20.4 and 21.1 °C (during the winter 

21.5, 19.4 and 18.3 °C) [Kotopouleas and Nikolopoulou, 2014].  

 

2.9.1. Characteristics of PTBs 

The space used for human activity in PTBs is small compared with the total available 

indoor space. Hence, a very large proportion of the energy is wasted by maintaining a 

constant operative temperature in areas that are rarely occupied by people [Kim, 2001]. 

Moreover, unlike occupants of an office or home, passengers usually occupy airport 

terminals for short periods of time  [Kim, 2001]. Some have argued that the strict 

requirements of the international standards should be relaxed in areas with transient and 

short occupancy periods (such as arrival lounges) in order to achieve greater energy 

efficiency [Mirek, 2007].  

The need for PTB’s to be more energy efficient is becoming more pressing as 

airports continue to evolve from short-term passenger buildings to mini-cities with malls, 

rest areas, hotels, gyms, and other amenities [Balaras, 2003]. Maintaining thermal comfort 

and using energy efficiently in a complex building with multiple microclimates is a 

complicated process: it requires a comprehensive plan that considers the schedule of the 

flights, the activity level of the occupants, the density and distribution of passengers, and 

impact of the other variables that affect the indoor operative temperatures. Terminals that 

don’t have a comprehensive strategy (i.e. different set points for different areas) for 

maintaining the indoor operative temperature are likely to waste more energy.  

Using international standards in hot regions can lead to vast differences in the air 

temperature outside and the indoor operative temperature, which can lead to thermal shock. 

To avoid the risks associated with excessive cooling, many researchers have concluded that 

the international standards should be revised in extremely hot locations. A frequently 

proposed alternative to the international standards is to implement a cooling strategy that 

maintains the indoor operative temperature in PTBs as close as possible to the outdoor 

temperature while still providing an environment that is comfortable for the passengers 

[Raja, 2001; Abbaszadeh, 2006].  
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2.9.2. Environmental Impact of Energy Use in PTBs 

A considerable number of studies have been conducted across the globe to assess 

current energy consumption and the potential for energy efficiency in passenger terminal 

[Balaras, 2003]. Energy consumed by HVAC systems in PTBs, especially in hot climatic 

regions, is contributing to a wider environmental crisis. HVAC systems account for almost 

80% of the total energy consumed in an airport terminal [Airport Authority of India AAI, 

2003] [Energy Audit Report for MIAPL, 2006]. 

  

2.9.3. The Role of Computer Energy Simulations in PTBs Efficiency (Overview) 

There are many strategies for reducing energy consumption in PTBs without 

sacrificing thermal comfort. One of the most useful tools in evaluating new theories of 

thermal comfort is to test them using computer energy simulations. 

Computer simulations support the assessment of energy consumption, !"! emissions 

indoor environmental conditions and the associated costs. East Midlands Airport (EMA), UK 

is an example of how computer energy simulations can lead to real-life improvements. The 

real CO! emissions from the PTB at the EMA was compared with level emissions when a 

modified model using the simulation program was utilized for the same building. The 

recommendations led to a variety of refurbishments and changes, which reduced energy 

consumption [Parker, 2011]. The fossil fuel consumption of the EMA terminal was 206.6 

kWh/ m2 in 2010, but 200 kWh/m2 is the maximum recommended by the Chartered Institute 

of Building Service Engineers (CIBSE) [Butcher, 2008].  

American airports are also taking action to reduce their energy consumption. The 

average airport in the USA consumes over 500 kWh/m2/yr [Clean Airport Partnership, 

2003]. Settle-Tacoma International Airport implemented a range of programs to improve 

their operations. They reduced their energy consumption by 20%, from 125 million kWh/yr 

to 100 million kWh/yr, which results in a projected savings of 1.5 million dollars per year. 

The Seattle-Tacoma airport shows the importance of implementing a comprehensive 

strategy: they reduced set point temperatures from 21 °C to 25.5 °C, which reduced energy 

consumption by 250,000 KWHs per month; they improved the lighting system, which 

reduced consumption by as much as 21,000 kWh/ month; they also improved the HVAC 
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systems by installing Frame-Plant-Heat-Exchangers to reduce the energy demands of the 

chillers. [Hawards, 2004]. 

In China, Terminal 1 of Chengdu Shuangliu International Airport (CSIA) was 

simulated using computational fluid dynamics (CFD) codes, measured physical and personal 

variables, and subjective responses to create a more effective and efficient strategy for 

maintaining the indoor conditions. The recommendations from this study were utilized to 

design the thermal environment and air-conditioning in Terminal 2 of same airport [Liu, 

2009]. Computer energy simulation also played an important role in determining strategies 

for controlling the indoor conditions in the Sanya Airport in China.  

The Transient Environment Technique (using different temperature set points in 

different parts of the terminal) is also an important tool. Many researchers have suggested 

using this technique in complex buildings where different spaces could have different 

thermal requirements [Arens et al., 2001]. Using the transient environments theory can save 

a substantial amount of energy without sacrificing occupant satisfaction with the thermal 

conditions [Babu, 2008]. This technique is being used in many airports globally. The Hajj 

Terminal of King Abdul-aziz International Airport, Saudi Arabia has developed a smart 

design solution, which  is working well. The terminal is divided into two distinct groups of 

spaces: the first is an enclosed, air-conditioned area for check-in and security; the second is a 

large, naturally ventilated and lit area. This space is entirely covered by an expansive roof 

canopy; it is utilized as a waiting lounge after the check-in procedures. The Bangkok 

International Airport also reduced energy consumption by using the transient environment 

theory to divide spaces vertically into two zones: there air is unconditioned at higher levels, 

but air-conditioned at the levels occupied by people. This technique reduced the annual 

cooling demand to 513 kWh/!! (a reduction of 35%).  

One of the most effective methods of reducing energy consumption in large premises 

is to adopt a comprehensive strategy for maintaining the indoor environments. Testing new 

models of thermal comfort, new set points, and different methods of operating HVAC and 

lighting systems is extremely difficult because it has to consider an enormous number of 

variables (flight schedules, expected number of occupants, potential heat gain sources, 

outdoor temperatures, clothing insulation values, activity levels, etc.).  Computer energy 

simulations allow researchers to reliably account for all of the variables. As the results of the 
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studies using simulations illustrate above, the information gained can often lead to a 

significant reduction in energy consumption.  

 

2.9.3.1. Using Computer Simulations to Evaluate Thermal Comfort Models 

Several researchers have suggested the use of thermal simulation programs in order 

to assess indoor thermal comfort and energy consumption [Chowdhury, 2008]. Energy-Plus 

is one of the most widely used simulation tools today. It is a whole building energy 

simulation program: it models heating, cooling, lighting, ventilating and other energy flows. 

Energy-Plus with the DesignBuilder interface were used to perform the simulations. 

The purpose of this part of the study is to compare the current thermal conditions, the 

related energy consumption, and CO! productions with the levels that would result if the 

KAIA used the temperature set points from the models presented in Chapter 6. 

This simulation uses data from two field surveys as discussed in Chapter 7. The data 

was analyzed and the following measurements and values were compiled: 

● Passengers’ adaptive neutral temperatures based on their responses on the TCSS 

and the outdoor temperature. 

● TCTP for a variety of passenger sub-groups. 

● Associated personal and physical measurements. 

● Information on the building’s energy performance. 

● Information on the building design and baseline components. 

● Information on the outdoor environment. 

 

The task, therefore, was to examine the neutral temperatures suggested by the new 

models and their affect on each of the following: 

● The energy performance of the building, the associated fuel consumption, and the 

!"! emissions. 

● The thermal comfort of occupants based on simple ASHRAE 55-2004 and the 

TNTP 
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The current condition of the KAIA terminal (including its energy performance) was 

investigated in order to provide a baseline for comparison with the models. The best way to 

compare these control strategies is by using a building simulation program (BSP).  

By using a BSP, the temperature set points of the indoor environment can be modified 

based on the field survey results.  The BSP provides almost immediate data on energy use, 

thermal comfort and many other details. More importantly, the margin of error is extremely 

low with some of the better BSPs. Simulation programs have been utilized by many 

researchers to test different strategies for maximizing energy conservation. 

It is almost impossible to test the different models in a real building like the KAIA 

terminal.  The proposed building is a complex thermodynamic environment that contains 

different thermal zones that are constantly changing. Instead, computer simulations were 

used to analyze the effects of different variables and their complex interactions. 

 

2.10. Building Simulation Programs (BSP)  

The main purpose of using BSP is to test designs prior to constructing a new 

building, but they can also be used to test different models of temperature control in existing 

buildings.  These programs can gauge the building’s anticipated performance, water and 

energy use [ACEE, 2012]. Numerous simulation programs have been created for this 

purpose [Building energy software tools directory of the US Department of Energy (DOE), 

2011].  

DOE-2, TRNSYS, IES and EnergyPlus are the most commonly used BSPs [Wang, 

2012]. These BSPs are simulation engines; sometimes they are accompanied by a Graphical 

User Interface (GUI). The GUI is used to build an architectural model of the building and 

display simulation results after the energy simulation program has completed its calculations 

(see next figure). Plug-ins and other methods of inter-linking with modelling and others tools 

further extend their uses and functionality (e.g. Rhino3D with Grasshopper and 

Ladybug/Honeybee). Governmental organizations and profit-making companies have 

contributed to the further development of BSPs and GUIs. The same simulation engine can 

be used with a variety of GUIs. EnergyPlus was chosen for this study because of its related 

functionality, widespread use in research and as an advanced whole-building energy 

simulation program.  
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Figure 2. 12 General structure of EnergyPlus program, source: DesignBuilder software 

 

2.10.1. EnergyPlus  

EnergyPlus is an energy and thermal load simulation program based on features and 

capabilities of BLAST and DOE-2 [Reddy et. al, 2006]. BLAST, which is used by the US 

Department of Defense (DOD), had its inception in the NBSLD project created at the US 

National Bureau of Standards. DOE-2, which is used by the US Department of Energy 

(DOE), had its inception in the program written in the late 1960s for the US Post Office 

[Winkelmann, 1993]. The fundamental difference between these two programs was the load-

figuring system: DOE-2 used a room weighting element methodology while BLAST utilized 

a heat balance approach. Both were used all over the world. 

In 1996, the DOE created the program  EnergyPlus. Other groups that also use 

Energyplus include: the US Army Construction Engineering Research Laboratories (CERL), 

the University of Illinois (UI), the Lawrence Berkeley National Laboratory (LBNL), 

Oklahoma State University (OSU) and GARD Analytics. EnergyPlus is often described as a 
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“new generation” simulation engine. Energyplus allows the researcher to input very specific 

data that the program then uses to construct a model of the entire building, including the 

HVAC system [Zhai, 2003]. It is capable of simulating almost any kind of building. 

EnergyPlus calculates the heating and cooling loads required to keep different temperature 

setpoints through the HVAC system; it also determines the coil loads and energy 

consumption of plant. A testing and validation study of EnergyPlus concluded it is a credible 

simulation tool that is superior to the well-established simulation tools, like DOE-2, BLAST, 

TRNSYS and ESP [Crawley, 2001].  

Figure 7.1 establishes the general software structure. EnergyPlus has three essential 

parts: the simulation administrator, the heat and mass parity reproduction module, and the 

building framework simulation module. The simulation administrator controls the whole 

simulation process. The heat balance counts are focused around IBLAST (an updated version 

of BLAST that includes HVAC systems and building load simulation). 

EnergyPlus is widely used by engineers, architects and analysts to simulate energy 

usage, including the energy required for heating, cooling, lighting, and ventilation. It can 

also produce information on: plant integrated with heat balance-based zone simulation, 

multi-zone airflow, thermal comfort, common ventilation and photovoltaic frameworks. 

 

2.10.2. Graphical User Interface (GUI)- DesignBuilder 

The DesignBuilder simulation tool provides a range of environmental performance 

data, including energy consumption, carbon emissions, comfort conditions, daylight 

luminance, maximum summertime temperatures and HVAC component size. 

The following results and outcomes can be presented in detailed sub-hourly, hourly, 

monthly or annual intervals: 

● Energy consumption broken down by fuel and end-usage. 

● Internal air, mean radiant and operative temperatures and humidity 

● Comfort output, including temperature distribution curves, ASHRAE 55 comfort 

criteria, Fanger PMV, Pierce PMV ET, Pierce PMV SET, Pierce Discomfort Index 

(DISC), Pierce Thermal Sens. Index (TSENS), Kansas Uni TSV. 

● Site weather data. 
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● Heat transmission through building fabric including walls, roofs, infiltration, 

ventilation etc. 

● Heating and cooling loads. 

● CO! generation. 

● Heating and cooling plant sizes can be calculated using design weather data. 
 

Data can be displayed graphically or in tabular form and can be exported in a range 

of formats. In addition, DesignBuilder includes simulations using common HVAC systems, 

naturally ventilated buildings, daylighting control, advanced solar shading strategies etc. 

Simulations for the KAIA terminal were carried out utilizing the DesignBuilder 

interface to take the date from EnergyPlus to generate performance data based on a three-

dimensional (3-D) model. 

 

 
Figure 2. 13 Model data hierarchy and data inheritance 

 

The physical features of the building, the activity of occupants, the HVAC system, 

and the lighting systems can be uploaded into the 3-D model through data templates; these 

templates can be easily altered and modified as required. The template can use building, 
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block or zone level depending on the amount of details that are required. The next figure 

shows the hierarchy DesignBuilder uses in order to facilitate data entry, so block data is 

inherited from building level, zone data is inherited from block data and surface data from 

zone data and so on and so forth. 

 

2.11. Conclusion 

Knowledge in the field of thermal comfort is still expanding. A survey of the 

literature shows that the majority of studies in the field have been conducted in temperate 

and cool climates with populations accustomed to a high standard of living. Since there are 

differences in the way people from different places perceive thermal comfort, the 

international standards that were created based on research in developed countries may not 

be optimal for use in all climatic regions. Similarly, the potential connections between 

culture/customs and thermal comfort should be explored. In the Gulf region, where 

temperatures frequently reach high levels, it could be extremely wasteful to insist on rigidly 

adhering to international standards when the vast majority of the occupants are comfortable 

at higher operative temperatures. Evaluating the use of these international standards could 

reduce energy consumption without sacrificing the comfort of occupants. 

The adaptive approach provides a fuller and more accurate understanding of how 

occupants’ interact with their environment in real life. However, most of the adaptive models 

have not been tested in hot climates [Nicol and McCartney, 2002]. Nicol and McCartney 

encourage researchers to develop adaptive control models (ACM) for their specific 

environment, especially if they are in an extremely hot climate. They predict that the ACM 

will eventually provide greater energy savings than the models from Europe [Nicol and 

McCartney, 2002]. 

There is no better way to know an occupant’s comfort preferences than to go out and 

ask [Humphreys et al., 1995]. The best way to develop adaptive comfort models that will 

address the peculiarities of specific locales is to conduct surveys that will provide researchers 

with data regarding the thermal preferences and behaviors of the people in that area. The 

data collected can be utilized to develop statistic-based indices of thermal comfort that are 

specific to that region. The importance of developing thermal comfort indices that are 

specific to a unique location will be discussed in the next chapter. 
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Another important reason to conduct a thermal comfort study in a PTB in the Gulf 

region is that none, to date, have used the adaptive approach for a full-scale of this type study 

in the region. The vast majority of thermal comfort studies have been limited to developed 

regions, like Europe, Australia, USA, with only a few conducted in Asia and Africa. The 

people in the Gulf have a variety of distinct histories and cultures, including customs that 

could directly affect their thermal comfort. Those facts alone suggest that a thermal comfort 

study in this region may yield different conclusions than those performed in other places. 
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3. Research Methodology 

3.1.  Introduction 
	

Most comfort standards, such as BS EN ISO 7730 and ASHRAE 55-92 rely, to an 

extent, on clothing insulation and metabolic rates to determine the appropriate indoor 

comfort temperature. The standards do not account for the disparate thermal expectations, 

needs and preferences of different people in different parts of the world. People in hot 

climates, like Saudi Arabia, are likely to have different thermal preferences than those in 

cold or moderate climates. Only by analyzing the local conditions and understanding the 

occupants’ thermal experience can buildings like the KAIA terminal be controlled according 

to an appropriate thermal comfort regime, delivering comfort at optimized energy 

consumption levels. Ignoring the preferences of the local population and following 

international standards could lead to passenger discomfort and in excessive consumption of 

energy.	

Wasting energy is expensive and has a negative impact on the environment. More 

and more studies are seeking reliable methods to reduce the energy used by HVAC systems, 

or substitute them, because heating and cooling systems are responsible for about 50% of 

CO! emissions from buildings [ASHRAE 55, 1997]. 

 

3.1.1 Research Context  

Many researchers have questioned whether the current thermal standards for 

determining comfort conditions should be used indiscriminately everywhere on the earth. 

Should their use be limited to the geographical area in which they were created? Are there 

cultural reasons or customs in some places that might make these standards ineffective or 

inefficient?  

Researchers in the field of thermal comfort often conduct research in regions with 

temperate and cool climates where the people enjoy a high standard of living [Babu, 2008]. 

Fewer studies have been carried out in climates similar to that considered in this research. 

Many have argued that these international standards have limited application outside the 
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contextual world because the people in other places have significant differences in their 

expectations and preferences regarding thermal comfort [Raja, 2001; Abbaszadeh, 2006]. It 

is argued that people from hot climatic regions feel comfortable at higher temperatures than 

those who participated in the studies undertaken in Western countries [Sharma, 1986; Busch, 

1992; Mathews, 1995; Williamson 1995; Taki, 1999; Nicol, 1999; Bouden, 2001; Priato and 

Depcker, 2003]. Only a few thermal comfort studies have ever been undertaken in extremely 

hot climates [Al-Homoud, 2009]. The studies that have been done in places with more 

extreme climates (like Asia and Africa) are often unreliable for various reasons [Nicol, 1996; 

Han, 2007; Ogbonna, 2008]. The lack of research in the developing world and the absence of 

input from occupants have resulted in the adoption of the international standards in places 

where it may not be meeting the needs of occupants and wasting energy. 	

Saudi Arabia, the location of this study, is one place in which the culture, customs, 

and people’s relationship with the climate make such international standards inappropriate. 

The adherence to the international standards most certainly results in unnecessary energy 

consumption. The thermal comfort studies that have been conducted in hot regions, like that 

in Dhaka, recommended that international standards should not be utilized in hot climates [Z. 

Ahmed, 1990]. The studies in hot regions also suggest that occupants’ thermal discomfort 

within indoor environments is a common problem. Similarly, the international standards 

assume that “winter” and “summer” mean the same thing in all parts of the world. Given that 

winter temperatures in London differ dramatically from the temperature in Jeddah during the 

same season, it is inappropriate to apply the same standard in both regions. 	

The PMV-based indices treat all occupants, regardless of their location and thermal 

experience, in the same manner, which neglects to account for the reality of people’s ability 

to adapt to the thermal environment [La Roche, 2011]. Many researchers have questioned the 

assumption that the indoor temperature should be static [Nicol, 1993; Mahdavi, 1996]. 

Auliciems demonstrated that thermal expectations and the occupants’ physiological 

responses to indoor conditions are based on their cultural and environmental background 

[Auliciems, 1981]. Recently, the adaptive thermal comfort model  has inspired researchers to 

undertake field investigations in various locations, including in Australia, San Francisco, 

Bangkok, Singapore and Townsville [de Dear and Auliciems, 1985; Schiller et al., 1988; 
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Busch, 1990; de Dear, 1991; de Dear, 1994]. These studies have rejected the notion that a 

single constant temperature is optimal for occupants’ thermal comfort. 	

The results from the above mentioned studies reveal that individual occupants can have 

very different perceptions of their personal comfort even if they reside in the same location. 

Previous studies have recommended that new international thermal comfort standards should 

be developed to try to remedy some of the flaws in the old models. One of the main flaws in 

the old standards was their failure to appreciate that an occupant’s perception of thermal 

comfort at a single static temperature will change depending on the outside temperature. For 

example, whether an occupant feels comfortable at 22°C is going to depend on whether the 

outdoor temperature is -20 or over 40 °C. The other main inadequacy is the failure to account 

for the fact that people from different culture and geographical regions often have substantial 

differences in what they consider to be thermally comfortable.  	

 

3.2  The Process of Constructing a Comfort Model 

Figure 3.1 provides an outline of the steps this research project followed. Adhering to 

this process ensured that the research maintained the methodical approach most likely to lead 

to useful recommendations. This study undertook, and is based on the results of, two field 

surveys. The initial pilot survey was designed to test the proposed methodology and gather 

initial data from which to derive a comfort model. It was exploratory and helped in 

determining the best research design, data-collection method and selection of subjects. A 

second fully developed survey was then undertaken to gather the main body of data used in 

deriving comfort model relationships. The two studies went through similar stages including 

evaluation, measurement, analysis, development, and eventually verification. 	

Linear regression analysis was employed to obtain a thermal comfort temperature 

point at which most of subjects felt comfortable. Moreover, indoor operative temperature 

was plotted against outdoor air temperature to obtain the adaptive comfort temperature. 

Running mean temperature was also calculated for the previous seven days before 

conducting the survey and substituted with !!"#. Griffith’s method to predict comfort 

temperature is also recommended for verification purposes and was also utilized assuming 

Griffiths’ value to be 0.25, 0.33 and 0.5. 	
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In addition, the comfort votes of those surveyed were compared with the PMV and 

PPD models during the main study to investigate the operative comfort temperature that was 

generated from both models (static and current). 	

Separate thermal comfort models were developed for each comfort survey ,conducted 

in 2012 and 2013. Also, and as per the comfort standards of EN 15251 and ASHRAE 55, 

both use data collected from European SCATs projects and RP884 database, respectively. 

The two comfort surveys are combined in order to assess various groups of population 

(gender and place of origin) using the building and subjects’ environmental and personal 

variables. These outcomes were then  input into an energy simulation program 

(DesignBuilder interfaced with EnergyPlus) to investigate potential energy savings and other 

implications.  

	

Figure 3. 1 The proposed research methodology allocated for this study associated with staging (five stages) of 
improving thermal condition in addition to energy-efficiency 

	

3.2.1  Post occupancy evaluation of the buildings (POE) 

The south terminal of King Abdul-Aziz International Airport (KAIA) is a commercial 

building. The first step undertaken was to determine to what extent its systems were running 
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efficiently. This was achieved through post occupancy evaluation (POE). A POE is different 

to a comfort survey in that its focus is on the building itself, not the occupants [Nicol and 

Roaf, 2005]. It is also called a Building Performance Evaluation (BPE) by some practitioners 

[Preiser, 2004].  The POE and BPE methods follow these steps:	

• A face-to-face survey in which permanent occupants (staff) are asked about 

their experience of the building: whether it got too hot in summer or too cold in 

winter, etc.	

• The ability of occupants to control the environment (with notes about any 

technologies in the building) and overall building performance was estimated.  	

• The actual energy consumed in the building was assessed. 	

 

In order to develop a cost-efficient action plan, it was essential to know where energy 

was being wasted; the POE is an effective method for identifying waste [Baird et al., 1996]. 

It provided an understanding of how the building was operating so as to make suggestions to 

improve efficiency and comfort.	

  

3.2.2  Measurements 

There are four basic types of measurements that are common in thermal comfort 

surveys: physical measurements, personal variables, subjective responses, and adaptive 

behaviours.  A thermal comfort survey should be divided into three levels: 

a) Simple measurements of temperature in occupied spaces with no subjective 

responses. 

b) Measuring of thermal environment and the occupants’ responses to it. 

c) Surveys that include all factors needed to calculate the heat exchange between a 

person and the environment together with subjective responses [Nicol and 

Humphreys, 2012]. 

In this study, the primary focus was on the first and second levels. In this type of 

survey, subjective responses were provided by a number of participants utilizing the seven-

point sensation scale of Fanger. At the same time physical variables were measured utilizing 

handheld and data-loggers (air temperature, radiant temperature, air velocity and relative 
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humidity). Personal variables (clothing insulation and metabolic rate) were also determined 

using related tables provided by thermal comfort standards.  

 

3.2.2.1 Physical measurements 
 
Table 3. 1 Characteristics of measuring instruments [ISO 7726, 2001]	

Quantity	 Symbol	 Class C (comfort)	 Comments	
Measuring 

range	
Accuracy	 Response	

Time (90%)	
Air temperature	 ta	 10 °C to 40 

°C	
Required: 	
± 0.5 °C	
Desirable:	
 ± 0.2 °C	

The shortest possible. Value to 
be specified as characteristic of 
the measuring instrument 

The air temperature 
sensor shall be 
effectively protected 
from any effects of 
the thermal radiation. 

Mean radiant 
temperature	

tr	 10 °C to 40 
°C	

Required:	
 ± 2 °C	
Desirable: ±0.2 
°C	

The shortest possible. Value to 
be specified as characteristic of 
the measuring instrument. 

When the 
measurement is 
carried out with a 
black sphere, the 
inaccuracy can be as 
high as ± 5 °C 

Air velocity	 Va	 0.05 m/s to 
1 m/s	

Required: 	
± (0.05 + 0.05) 
m/s	
Desirable: 	
± (0.02 + 0.07) 
m/s	

Required:  0.5 s 
Desirable: 0.2 s 

The air velocity 
sensor shall measure 
the velocity whatever 
the direction of the air 

Relative humidity, 
expressed as partial 
pressure of water 
vapour	

Pa	 0.5 kPa to 
3.0 k Pa	

± 0.15 kPa 	 The shortest possible. Value to 
be specified as characteristic of 
the measuring instrument. 

 

 
 

  Precise data for physical variables is required for a thermal comfort field-study. ISO 

7726 is widely used in the field; it provides full-details of how to make accurate 

measurements. Table 3.1 shows the minimum requirements for these measurements 

including measuring ranges, accuracy at 90% response time of the sensors. These 

Characteristics were taken into consideration when choosing the instruments to meet the 

requirements of ISO 7726. This research also considered that a single physical space can 

have multiple microclimates, and therefore temperature, humidity, and air velocity can 

change over time or with horizontal/vertical changes in location. As illustrated in chapters 4 

and 5, two to three data-loggers were installed in each space due to horizontal difference in 

physical variables.	
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  Table 3.2 shows the heights at which the sensors should be placed in order to 

calculate the mean values. No significant difference was found between the temperatures at 

the participant’s head, abdomen or ankle levels when measuring the physical variables.  
 

Table 3. 2 Measuring heights for the physical quantities of an environment [ISO 7726, 2001]	

 
 

Locations of the 
sensors	

Weighting coefficients for measurements 
for calculation mean values	

Recommended heights	
(for guidance only)	

Homogeneous 
environment	

Heterogeneous 
environment	

Sitting	 Standing	

Head level	  1	 1,1 m	 1,7 m	
Abdomen level	 1	 1	 0,6 m	 1,1 m	
Ankle level	  1	 0,1 m	 0,1 m	

 

3.2.2.1.1  Measuring the air temperature 

Air temperature “is the temperature of the air around the human body”, expressed in 

kelvins (K) or in degrees Celsius (°C) [ISO 7726, 1985]. Measuring the temperature of air is 

considered simple, but a lack of care can result in errors. A common problem is the impact of 

radiation. Hence, this study was careful to ensure that the measurements were not taken too 

close to any heat and cool sources.  

The problems associated with radiation affecting temperature measurements were 

minimized by following EN ISO 7726, 2001.	

a. A polished sensor was used to reduce the emission factor, especially if the sensor 

was made of metal or covered with a reflective paint. 

b. The temperature difference between the sensor and the wall on which the sensor 

was placed was minimized. A reflective screen was placed between the sensor and 

the enclosure. Adequate space was left between the sensor and the sheet to allow 

air to circulate. 

c. Increase the heat transfer factor by convection by increasing the air velocity around 

the sensor and minimizing the size of the sensor itself.   
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Data-loggers enabled the collection and storing of data at regular intervals over an 

extended period of time. They were chosen to give accurate results. In order to obtain 

accurate temperature measurements, the data-loggers were placed away from sources of heat. 

For measuring general temperature, an accuracy of less than ±0.5 °C was required as 

recommended by ISO 7726 (see table 3.1).	

The data-loggers used were battery powered and had an internal memory for data 

storage. The data-loggers collected the difference between the indoor  and outdoor 

temperatures , and the various elements that affect thermal comfort. They enabled the 

monitoring of the relevant thermal comfort variables during the course of the survey period. 

The TARBASE and CaRB projects demonstrated how much important information can be 

collected using data-loggers [Jenkins, 2010]. It is important that all measurements were 

accurate. Temperature data was collected according to:	

1. A spot temperature at a given time of the day in a given space.  

2. Measuring the temperature of the space during occupied hours. 

3. The temperature of a space over 24 hours. 

4. An average daily temperature experienced by a group. 

 

 

Figure 3. 2 Measurement instrument for temperature and humidity (HOBO U12 data-logger	

 

The HOBO U12 type data-logger was chosen for simple measurements of air 

temperature and relative humidity since it was, furthermore, readily available in the local lab.	
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Instrument specification (HOBO U12 data-logger) 
 

Range: -20° to 70 °C (-4° to 158 °F)  

Accuracy: ± 0.35 °C from 0° to 50 °C (± 0.63 °F from 32° to 122 °F) 

 

3.2.2.1.2  Measuring the mean radiant temperature (MRT) 

One of the most common methods to measure the mean radiant temperature is to use a 

black globe, the air temperature surrounding the globe, and the air velocity at the level of the 

globe. The globe is a black ball that has a temperature sensor at its center. The temperature 

sensor located inside the globe allows the mean temperature for the globe to be measured. 

The mean external temperature of the globe is equal to the temperature inside the globe and 

the temperature of the air outside the globe. It is usually sufficient to obtain the mean radiant 

temperature; radiation is averaged from all directions and thus the value of the mean radiant 

temperature is given as a  single figure. Generally, MRT is obtained from the calculation of 

air temperature, globe temperature and air velocity (see Equation 3.1 and 3.4). The globe is 

certified to an accuracy of within ± 0.2 °C.	

Radiant temperature is a complex variable to measure since it is dependent on the 

temperatures of several surfaces within a zone. For this study it was calculated using the 

following equation, but both globe temperatures, !! and !!, were necessary to do so: 

 

!" = !" + 273 ⁴ + 1.2ₓ10⁸!̄⁰ˊ⁴ !⁰ˊ⁶ !"– !" ⁰ˊ²⁵ − 273                                            Eq.  3.1 

 

For a 40 mm (0.04m) diameter globe this approximated to:	

 

!" = !" + 4.02 ! !" − !"                                                                                                     Eq. 3.2  

  

Then the operative temperature was obtained using the following equations: 
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1. At indoor air speeds below 0.1 m/s, 

 

 !!" = !
!!! +

!
!!!                                                                                                               Eq. 3.3 

 

2. Or at indoor air speed above 0.1 m/s, 

 

   !!" = !! ! + !! (1 + !                                                                                     Eq. 3.4 

 

Since average air velocity collected during this study was more than 0.1 m/s equation 

3.4 was most frequently employed.  

	

Figure 3. 3 Instrument used to measure the globe temperature and calculate MRT (heat stress WBGT meter 
(HT30))	

 

Instrument specification  

Range of WBGT: 0 °C to 50 °C (32 °F to 122 °F) and accuracy of ±2 °C 

Range of !!: 0 °C to 50 °C (32 °F to 122 °F) and accuracy of ±1 °C 

Rage of RH: 0 to 100 % and accuracy of ± 3% 
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3.2.2.1.3  Measuring Air velocity v (m/s) 

The air velocity should be taken into account when determining heat transfer by 

convection and rate of evaporation. It is difficult to obtain accurate velocity measurements 

because airflow is continually being disturbed; air velocity often fluctuates randomly and 

changes direction. There are important factors that have to be considered in order to obtain 

accurate velocity measurements: 

a) The calibration of the measuring instrument. 

b) The response time of the sensor and the instrument (this is essential for 

measuring fluctuations). 

c) The measuring period. To investigate the pattern of airflow in space with high 

turbulence intensity, it is necessary to take the measurements over an extended 

period of time. 

 

Figure 3. 4 The hot-wire anemometer (Testo 405) to measure air velocity	

 

The most commonly used types of measurement are hot-wire and heated-sphere 

anemometers. A hot-wire anemometer was used in this research because they have a faster 

response time (Figure 3.4). Using the hot-wire anemometers in accordance with correct 

measurement procedures ensured that the margin of error was under 10%, which is the 

standard requirement for a study of this nature. 
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Instrument specification 

Range: 0 to 5m/s at -20 to 0 °C and 0 to 10m/s at 0 to +50 °C 

Accuracy: ±5% of m.v. ±0.10m/s (to 2m/s) and ±5% of m.v. ±0.30m/s (over 2m/s) 

	

3.2.2.1.4 Measuring Relative humidity and water vapour pressure (pa) kPa 

Water vapour pressure is defined as: “that part of total atmospheric pressure that is 

exerted by the water vapour in the atmosphere” where relative humidity “is the ratio, usually 

expressed as a percentage, of the total atmospheric pressure that is exerted by the water 

vapour in the atmosphere” [Nicol and Humphreys, 2012]. There are many instruments that 

measure relative humidity; those measurements can be simply converted to water vapour 

pressure (Pa) if the air temperature is known. Pa can be calculated from the relative humidity 

(RH) and the air temperature Ta using the formulae:	

 

1. Pas=0.611 exp (17.27Ta)/ (Ta + 273)                                                                          Eq. 3.5 

      

Pa=Pas * RH/100                                                                                                               Eq. 3.6 

Where Pas is the saturated water vapour pressure. 

In this study the relative humidity of levels I and II was measured to evaluate the 

space with and without subjective responses using the above-mentioned data-logger (HOBO 

U12) with an accuracy range of between 2 to 5% and the handheld heat stress WBGT meter 

HT30 respectively.  	

  

3.2.2.1.5  Instrument calibrations for measuring physical conditions 

This study gathered comfort survey responses while simultaneously making a record of 

the indoor environmental variables.  A set of hand-held, calibrated digital instruments were 

used and the protocols consistent with the class-II field experiment for thermal comfort were 

followed (ASHRAE, 2005).	
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The following physical variables were measured: air temperature (Ti), globe 

temperature (Tg), relative humidity (RH) and air velocity (AV). Indoor air temperature, globe 

temperature and relative humidity were measured using an “Extech” (Wet Bulb Globe 

Temperature) digital thermometer; its black globe temperature sensor was used in addition to 

the sensors with a protective cover for temperature and relative humidity. Air velocity was 

measured using “Testo” (a digital hot-wire anemometer). The direction of flow must be known 

to measure air velocity, so the device was held perpendicularly against the direction of flow.  

All hand held instruments were held at the height of 1.1m from the floor by the 

surveyor’s assistant who stood at least 1m away from both subject and surveyor as 

recommended by ISO 7726 (see tables 3.1 and 3.2). The physical conditions were recorded no 

more than five minutes after starting the survey. These measurements were recorded directly 

onto each survey. The survey was conducted in each of the six spaces while passengers were 

engaged in their usual activities.  

 

	
Figure 3. 5 Instruments including Handheld, Data-loggers and instruments setups	

Data-logger (Ti, Tg and RH) 
simple meas. 

Hand held (Ti, Av and RH) 
simple meas. 

Black Globe temperature 
sensor 

RH and Temperature sensor 
with protective cover 

LCD display 

1.1 m
 

Hot-wire with adjustable arm  
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3.2.3  Personal Variables 

3.2.3.1  Clothing (clo) 

It was important to know the thermal performance (clo) of the clothing of occupants, 

especially if the results of the thermal comfort survey were going to be compared with PMV 

and PPD as suggested for this study. The study used the comprehensive list of clothing 

descriptions developed by [McCullough, 1985]. In addition, insulation values from [ISO 

9920, 2004; Al-ajmi, 2008], which included values for the traditional garments worn by men 

and women in the Gulf of Arabia, were also used in this study (see table 3.5). The clo is the 

unit usually used in comfort equations, but some versions require the input to be in K.m²/w 

(see table 3.5). Moreover, individual values of garment insulation (added values to the main 

clothing) method were used using garments list that provided by ASHRAE 55 (see table 

3.6). For example, if sleeveless vest in table 3.6 is added to the first ensemble in table 3.3, 

the insulation of the resulting ensemble is calculated as !!"= 0.3 + 0.13 = 0.43 clo	

A.  
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B. 	

Figure 3. 6 Clothing insulation types in Arabian Gulf region for men (A); Arabian Gulf female clothing of 
Islamic dress with Hijab and traditional dress with Abaya and Burga (Source: Al-ajmi, 2008) (B).	

	

Table 3. 3 Information on thermal insulation for typical combinations of garments addressed by ISO 9920 

 

Daily wear clothing 
!!"  

clo m2 ⋅  K/W 

Panties, T-shirt, shorts, light socks, sandals 0,30 0,050 

Underpants, shirt with short sleeves, light trousers, light socks, 

shoes 

0,50 0,080 

Panties, petticoat, stockings, dress, shoes 0,70 0,105 

Underwear, shirt, trousers, socks, shoes 0,70 0,110 

Panties, shirt, trousers, jacket, socks, shoes 1,00 0,155 

Panties, stockings, blouse, long skirt, jacket, shoes 1,10 0,170 

 Underwear with long sleeves and legs, shirt, trousers, V-neck 

sweater, jacket, socks, shoes 

1,30 0,200 

Underwear with short sleeves and legs, shirt, trousers, vest, jacket, 

coat, socks, shoes 

1,50 0,230 
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Table 3. 4 Activity level checklist of ISO 7730 and ASHRAE 55 that used 
during the survey	

What type of activity you performed in the last 15 minutes 

Activity Met W/!! 
☐ Sleeping 0.7 40 
☐ Reclining 0.8 45 
☐ Seated, quiet 1 60 
☐ Standing, relaxed 1.2 70 
☐ Sedentary activity 1.2 70 
☐ Standing, light activity 1.6 93 
☐ Standing, medium activity 2 116 

Walking 
☐ 3. 2 km/h 2 115 
☐ 4. 3km/h 2.6 150 
☐ 6. 8km/h 3.8 220 

Light activity 
☐ Seated, reading 1 60 
☐ Lifting/packing 2.1 120 

Heavy activity 
☐ Handing bags 3.3- 4 200-235 
☐ Pushing bags 3- 3.4 115-200 

Met: is the metabolic rate, where 1 met= 60 W/!!; watt per 
square meter 
 
 
 
 
 

Table 3. 5 Information on clothing insulation values of various garments 
including standard summer garment and summer traditional dress of the 
Gulf region (men and women) ISO 9920	

Ensemble description !!"    
Female Clo !! ⋅  K/W 

☐ Summer Daraa, Shiala, Bra, Pants, Sandal 0.8 0.123 
☐ Summer Daraa, Hijab, Bra, Pants, Sandal 0.8 0.123 

Male     
☐ T-shirt with 1/3 sleeves, short serwal,  0,59 0,092 
   thowb and sandals     
☐ T-shirt with 1/3 sleeves, short serwal,  0,69 0,107 
   thowb, kuffiya, white ghutra, eqal, sandals     
☐ T-shirt with 1/3 sleeves, short serwal, 
long  0,79 0,123 

   serwal, thowb, kuffiya, white ghutra, eqal,      
   sandals     

Standard summer clothing  
☐ Panties, T-shirt, shorts, light socks, 
sandals 0,30 0,050 

☐ Underpants, shirt with short sleeves, light  
0,50 0,080 

   trousers, light socks, shoes 
☐ Panties, petticoat, stockings, dress, shoes 0,70 0,105 
Additional individual Clo:     

!!":  is the intrinsic clothing insulation; Clo: is the  clothing insulation 
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Table 3. 6 Individual values of garment insulation (added items to the main clothing)	

Garment Description 
Iclu (clo) 

Garment Description 
Iclu (clo) 

Underwear Dress and Skirts  
Bra 0.01 Skirt (thin) 0.14 
Panties  0.03 Skirt (thick) 0.23 
Men's briefs 0.04 Sleeveless, scoop neck (thin) 0.23 

T-shirt 0.08 
Sleeveless, scoop neck (thick), i.e, 
jumper 0.27 

Half-slip 0.14 Short-sleeve shirtdress (thin) 0.29 
Long underwear bottoms  0.15 Long-sleeve shirtdress (thin) 0.33 
Full slip 0.16 Long-sleeve shirtdress (thick) 0.47 
Long underwear top 0.2 Sweaters   

Footwear  Sleeveless vest (thin) 0.13 
Ankle-length athletic socks   0.02 Sleeveless vest (thick) 0.22 
Pantyhose/stockings 0.02 Long-sleeve (thin) 0.25 
Sandals/thongs 0.02 Long-sleeve (thick) 0.36 
Shoes 0.02 Suit Jackets and Vests    
Slippers (quilted, pile lined) 0.03 Sleeveless vest (thin) 0.1 
Calf-length socks 0.03 Sleeveless vest (thick) 0.17 
Knee socks (thick) 0.6 Single-breasted (thin) 0.36 
Boots 0.1 Single-breasted (thick) 0.42 
Shirts and Blouses  Double-breasted (thin) 0.44 
Sleeveless/scoop-neck 
blouse 0.13 Double-breasted (thick) 0.48 
Short-sleeve knit sport shirt 0.17 Sleepwear and Robes   
Short-sleeve dress shirt  0.19 Sleeveless short gown (thin) 0.18 
Long-sleeve dress shirt 0.25 Sleeveless long gown (thin) 0.2 
Long-sleeve flannel shirt  0.34 Short-sleeve hospital gown 0.31 
Long-sleeve sweatshirt 0.34 Short-sleeve short robe (thin) 0.34 
Trousers and Coveralls  Short-sleeve pajamas (thin) 0.42 
Short shorts 0.06 Long-sleeve long gown (thick) 0.46 
Walking shorts  0.08 Long-sleeve short wrap robe (thick) 0.48 
Straight trousers (thin)   0.15 Long-sleeve pajamas (thick) 0.57 
Straight trousers (thick) 0.24 Long-sleeve long wrap robe (thick) 0.69 
Sweatpants 0.28     
Overalls 0.3     
Coveralls 0.49     
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3.2.3.2  Metabolic Rate (met) 

 A standard list of metabolic rates from ISO 8996 and ISO 7730 were used in this study. 

ASHRAE 55 includes the kind of heavy activities usually performed by passengers such as 

pushing and handling bags, which was also utilized in this study (see table 4.10). 

Metabolic rates are often measured in met units where 1 met= 58.2 W/m². The level of 

activity of the subject determines metabolic rates. The most accurate metabolic rates are 

derived from activities practiced during the half hour prior to survey. So questions about 

recent activity were included in the comfort survey by asking the subject about his/her 

activity 15 min before the survey. Section 4.7 shows in more details how this variable has 

been assessed.  

 

3.2.3.3  Subjective Variables (Responses regarding thermal comfort and thermal 

preference) 

A number of passengers provided subjective responses at the same time the physical 

conditions were measured. The results of the survey were analyzed statistically to find the 

temperature at which the largest proportion of participants felt comfortable.  

The goal was to collect sufficient information on the physical conditions while 

simultaneously collecting subjective responses for that specific indoor environment (class 

II). Hand-held instruments were used to measure temperature, radiant temperature, relative 

humidity and air velocity. PMV and PPD values were also obtained to compare the results 

from the survey with the commonly used comfort models. The physical measurements of the 

environment were performed close to the subject (approximately 1m away) to avoid 

radiation from the subject’s body and air movement caused by the subject.  

A thermal comfort survey usually takes one of two forms: longitudinal and transverse 

surveys. This study employed the transverse survey method: different participants were 

asked to provide subjective responses regarding their comfort at specific times and locations. 

Each subject gave a single comfort vote. This method provided information about the 

thermal comfort levels of passengers within different areas of the building. Given that 

passengers are only in each part of the building for a short time, it is useful to understand 
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how a large number of people feel about their comfort while in a specific part of the 

building, rather than know how a small group feels in the same area over an extended period. 

The surveys gathered responses from different passengers over an extended period, 

which allowed consideration of how different individuals interact with various outdoor 

temperatures and how that affects their comfort level. In a climate with large diurnal 

temperature variations, samples from all parts of the day should be taken by dividing the day 

into sections based on the outdoor temperature.  

 

3.2.4  Undertaking a Field Survey 

3.2.4.1  The Participants and the Environment 

Unlike most other occupants in other buildings, passengers spend a short time 

(process of travel procedures) in the each area of a terminal. In addition, the airport terminal 

is a complex building: it has a variety of different spaces with unique conditions (occupancy 

level, time spent, metabolic rate, etc.). Passengers are also unique in that each one has a 

different agenda and itinerary, and they also have personal expectations and preferences 

[Horonjeff, 2010]. In a field comfort survey, the particularities of the space being occupied 

are as important as the subjects. Therefore, subjective responses were collected from 

different types of passengers in different spaces within the terminal while simultaneously 

measuring the physical variables.  

 

3.2.4.2  Number of Subjects and Time Sampling 

The amount of work needed to complete a field survey has to be determined to avoid 

continuing the experiment for too long [Nicol and Humpherys, 2012]. At the airport being 

studied, there were six substantial spaces devoted to passengers: 	

• a domestic-departure hall,  

• an international-departure hall,  

• a domestic-arrival hall,  

• an international-arrival hall,  
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• a reception hall, 

• and a check-in area. 

 

	

Figure 3. 7 Standard error of the estimate of comfort temperature, the vertical axis is the standard error of the 
estimate of the comfort temperature and the horizontal axis is the number of observations in the survey (source: 

Humphreys et al., 2010)	

 

 The relationship between occupants and their environment is essentially dynamic: 

they interact with the condition not only at specific times, but also over a period of time 

[Nicol, 1992].  In each of the areas, a minimum number of subjective responses were 

collected at different times of the day over the summer period (summer was selected as the 

time potentially most uncomfortable and with the highest energy demand). Each day was 

divided into three different intervals on the basis of the outdoor temperature to ensure that 

measurements were taken when it was hottest and when it was coolest.  
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As illustrated in Figure 3.7, if a survey has 20 comfort votes, then the standard error 

will be 0.4K. If we double the number of votes, then the standard error decreases to 0.28K. 

In order to keep the margin of error under 0.5K, which is recommended by [Nicol and 

Humphreys, 2012]. For more accuracy this study minimized the standard error to the 

minimum by surveying 50 votes for each space. A minimum of 300 subjective responses was 

obtained in each of the six spaces in the KAIA terminal during the exploratory field study. 

The full study, which includes both the exploratory and main studies, surveys more than 900 

subjects. The increase in the number of passengers surveyed reduces the margin of error and 

thereby increases the accuracy of the results [Nicol and Humphreys, 2012].  	

 

3.2.4.3  The Thermal Comfort Survey 

A comfort survey should be designed to find out how passengers interact with 

thermal comfort variables: the goal is to determine the precise combination of temperature, 

relative humidity, air velocity and outdoor temperature that will create an indoor 

environment in which most occupants will vote “neutral”. The hope is that further studies in 

other similar climatic conditions will corroborate the findings and support the conclusion 

that international standards should be submitted with those more climatically and culturally 

appropriate.  

As mentioned in Chapter 2, the subjective sensation of warmth has traditionally been 

measured using a seven-point scale. On a descriptive scale, such as the ASHRAE or the 

Bedford scales, the subject is asked to rate how he/she feels. Many researchers have found 

that there is not much difference between the two scales (see Section 2.4 in Chapter 2). 

There is also general agreement that adding more points to the scale does not significantly 

improve the accuracy. Seven points is probably the optimum number of descriptions of 

sensation that can be distinguish [Miller, 1956]. This data was used to evaluate satisfaction 

with the current conditions and also to create a new model of thermal comfort.	
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3.2.4.4  PMV and PPD measurements 

Once both the environmental and personal variables were measured, calculation of 

both the predicted mean votes (PMV) and predicted percentage dissatisfied (PPD) can be 

easily calculated through the direct application of equations 2.15 and 2.16. The PMV model 

is based on the air temperature, the radiant temperature in question, the applicable metabolic 

rate, the clothing insulation value, air speed and humidity. 	

 

3.2.4.5  Thermal Preferences 

A preference vote (PREF) was added to the comfort vote to avoid potential confusion 

with the meanings of the words in the descriptive scale [Humphreys, 2008]. There is 

frequently a difference in the way people from different places use language to describe 

thermal conditions and comfort. For example, people from cold climates may think of 

“warm” as comfortable, yet people from hot climates may think of “cool” as comfortable. A 

study has shown that in the warm climate of Southeast Asia, comfortable temperatures tend 

to be described as “cool” rather than “neutral” [Andamon, 2006]. The following three-point 

system is the most commonly used preference vote, so it was used for this study: 

 

             I would like to be 

                -1: Warmer                     0: No Change                  +1: Cooler  

 

When these subjective scales were introduced to subjects, the surveyors asked about 

the occupant’s feeling rather than asking them about how hot or cold it is.  

Another method that has been used by Griffiths is to use the ASHRAE scale, adding 

the question, ‘‘how would you prefer to feel?’’ [Griffiths, 1990].  By using this method, the 

subject expresses their feeling in their own way.  

After considering a variety of methods for conducting the survey, it was determined 

that performing a face-to-face interview (comfort survey and a preference vote) with 

passengers to get immediate responses was optimal. 
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3.2.5  Analysis and reporting results 

3.2.5.1  Physical Variables and Comfort Vote Against Time 

Lots of information can be gleaned from plotting physical variables against time. It 

can, for instance, show occupant comfort experience at a certain period of time during the 

day. Plotting the subjective votes over time also shows how the passengers responded to 

changes in the conditions. It can also provide an indication of how consistent the data is from 

occupant to occupant, or from time to time. It can also show how the conditions can vary 

from one environment to another. A time plot also provides an idea about the relationship 

between outdoor and indoor temperatures and the impact of occupancy level on the interior 

environment. All of this information was used to help analyze the data and draw conclusions. 

It is partly used in this study after obtaining data from the data-loggers that were distributed 

in various occupied spaces within the terminal. This analysis provided important information 

on how the indoor environment interacted with the outdoor during the day, week and month.  

 

3.2.5.2   Frequencies 

Another method of analysis is to plot the frequency of different values of variables. 

Using the histogram, any variable can be automatically divided into parts. For example, the 

histogram of temperature gives useful information about the range of conditions that subjects 

experienced and the distribution of comfort votes. Level of satisfied subjects at different 

indoor temperature and the majority of people voted comfortable at specific indoor 

temperature were determined using this method (for more details see Chapters 4 and 5).  

 

3.2.5.3  Energy Consumption Over Time 

The importance of this particular analysis was to clarify the link between changes in 

temperature over different periods of time (day, week, and month) and its impact on energy 

consumption in the building. This analysis illustrates the impact of occupancy level and 

outdoor temperature on energy consumption, and it can also be used to measure the 

effectiveness of the HVAC system. Information about energy consumption was collected 

during the POE for the whole year (12 months) in WH. This data allowed a comparison of 
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energy consumption in kWh/!! with other airport terminals around the world. In addition, it 

helped to demonstrate how much energy could be saved as part of this study. 	

 

3.2.5.4  Comfort Votes Compared to PMV, PPD, and Existing Adaptive Models 

Each of the existing models of thermal comfort can be used to predict how people 

should respond to different thermal environments. This study compared the predictions each 

model provides (based on the physical variables measurement) with the votes of real 

passengers. These simple comparisons allowed us to determine whether any of the models 

were capable of providing accurate predictions for the KAIA terminal. So, PMV and PPD 

values for each indoor temperature were calculated and compared to the comfort votes of the 

subjects. Consequently, suitability of using these indices for KAIA terminal, Jeddah was also 

known.  

 

3.2.5.5  Comfort Votes against Physical Personal Variables (single and in 

combination) 

These comparisons tell us about subjective responses to different indoor conditions. 

This method allowed this study to obtain the optimal estimated point of indoor and outdoor 

temperature, activity level and clothing insulation as discussed in the next chapter.  	

 

3.2.6  Developing an Adaptive Model of Thermal Comfort Consistent with Local 

Expectations and Preferences 

The goal of the adaptive approach was to help create a better indoor environment. In 

addition to maximizing the thermal comfort of occupants, the adaptive approach can help 

create energy efficient strategies for thermal control. The adaptive comfort approach helps us 

to understand the complex array of factors that determine an individual’s comfort range. 	

 



Research Methodology	

	
	

87	

	
Figure 3. 8 Factors effecting the development of an adaptive model of thermal comfort (Source: Nicol and 

Roaf et al., 2011) 	

 

If the results of the comfort survey suggest that international comfort standards are 

not optimal for buildings in hot climates like Saudi Arabia, then it follows that energy 

consumption could be substantially reduced without sacrificing thermal comfort. In order to 

ensure that the thermal comfort of passengers is not jeopardized, the study used the data 

collected to create a new model of thermal comfort. 

In order to create a model, the different ways occupants interact with the environment 

must be considered [Levins and Lewontin, 1985]. Hence, this study monitored and 

investigated local conditions as well as occupant behaviors.  

Adaptive models based on behavior studies are starting to replace and supersede the 

old comfort models. The new approach recognizes the need for thermal control strategies to 

consider and account for the many variables ignored by international standards, including: 

the ability of occupants to take action to affect their own thermal comfort, the impact that 

length of occupancy affects thermal comfort; the effect of outdoor temperature on thermal 

comfort; the specific use a unique area of a building is used for; and individual and cultural 

variance in expectations of thermal comfort. 

 

3.2.6.1  The Importance of the Outdoor Temperature in Adaptive Models 

Every building exists in a unique geographical location with a particular climate. 

Every location is going to have inhabitants that have their own expectations and experiences 

regarding thermal comfort. It is not surprising that what constitutes thermal comfort for 
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people who live in cold regions is different than the notion of thermal comfort in a hot region 

like Saudi Arabia. Babu's report on the Ahmedabad airport in India reveals that passengers 

expressed higher thermal tolerance (i.e. feeling comfortable despite temperatures far above 

the international standards) when coming from outside to an air-conditioned spaces because 

they expected higher temperature [Babu,2003]. Cooling buildings in very hot regions to 

international standards leads to an extreme difference between the temperature inside and 

out. The disparity in temperatures can lead to “thermal shock”. The potential for thermal 

shock is more acute in spaces where there is direct access from outdoors: arrival halls, bus 

and taxi areas, and check-in areas. Each space should have conditions that are as close to the 

outside temperature as possible without sacrificing the thermal comfort requirements [Mirek, 

2007].  

 

3.2.6.2  Calculating a New Comfort Temperature 

The comfort temperature can be obtained once the indoor operative temperature in 

which the average subject will vote comfortable (neutral) on descriptive scale such as 

ASHRAE is known. As mentioned before, each zone within the terminal building may have 

its own setpoint based on occupancy levels, activity levels, time spent in that area, and the 

likelihood of thermal shock. 	

Adaptive Comfort Models (ACM) were introduced by Nicol and McCartney “to 

provide building designers with a simple method of controlling internal temperatures 

utilizing the principles of adaptive comfort theory” [Nicol and McCartney, 2002]. They 

argued that, when used in hot climates, the ACM would provide better energy efficiency 

than any of the SCATs projects across Europe. In order to construct an ACM, the 

relationship between the outdoor temperature and the real comfort temperature (as found in 

the surveys) must be identified. This relationship can be illustrated by plotting the mean 

outdoor temperature against the indoor comfort temperature (from the surveys) and then 

using regression analysis. Humphreys and Nicol advocate following the steps of Griffiths to 

provide more predictive accuracy [Humphreys and Nicol, 2000]; [Griffiths, 1990]. The 

ASHRAE database of thermal comfort field studies has been inspected by De Dear and 

Brager suggesting an appropriate slope for the relationship at 0.5. Consequently, the indoor 

comfort temperature can be calculated utilising the following equation: 
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 !" = 0.5!" + ℎ                                                                                                               Eq. 3.7 

 

Nicol and McCarthy created an equation to calculate comfort temperature using the 

results of on the above-mentioned equation [Nicol and McCarthy, 2002]: 

 

!" = !" − 2 !" − 4                                                                                                         Eq. 3.8 

 

where !"  is comfort temperature, and 4 is the point where a subject feels comfortable on the 

ASHRAE scale. 

With the information from the above equations, the thermal comfort temperature for 

each zone can be calculated. The running mean outside temperature is still needed to 

calculate the ACM. The running mean outdoor temperature can be found using the following 

equation: 

 

!!"#!!"!"#!!! !!! !!"#!!                                                                                 Eq. 3.9	

 

where, C is constant and its value ranges between 0 and 1 and defines the quacking response 

of the running mean to changes in the outdoor temperature.  

After performing the calculations above, the optimum comfort temperature can be 

calculated for each space inside a complex building. The precise comfort temperatures will 

change gradually in response to changes in the outdoor temperature, yet they will rarely 

exceed either the upper or lower limit. There is a general assumption that people can be 

comfortable in a range of temperatures no more than ±2k from the precise comfort 

temperature [Nicol and Humphreys, 2007]. 
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So, the indoor temperature at which the occupants felt comfortable (people who 

voted uncomfortable were excluded) was plotted against the outdoor temperature and 

consequently, different equations were derived for different groups of occupants.  These 

equations, eventually, were compared to well-known adaptive models developed in several 

locations. The X value in all models (equation) was given an average outdoor temperature 

that was obtained during this study (see tables 6.11 and 6.12)  

At this stage the boundaries of comfort zones, as suggested by i.e. EN15251 of class 

III (between -0.7 to 0.7 on comfort sensation scale of Fanger), were determined since it is the 

most appropriate class for existing buildings and occupants with moderate to low levels of 

expectation (see table 4.25). 	
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Chapter Four 

4. Exploratory Field Study 

4.1.  Introduction 

	 Jun, July, and August of 2012 were the three summer months that were chosen to 

conduct a preliminary thermal comfort survey due to the high temperatures. The aim was to 

carry out a preliminary study to help design a survey and to demonstrate viability of the 

thesis hypotheses that occupants in hot climates feel thermally comfortable at higher 

temperatures than those recommended by many widely used international comfort standards. 

Field studies allow researchers to record and investigate local conditions and subject 

behaviors and accordingly develop a model that suits the particular needs of the people in 

that location [Humphreys, 1995]. This study employed the three stages outlined in the 

research methodology chapter including the post-occupancy evaluation (POE), subjective 

measurements, data analysis, developing the comfort model and virtual testing the 

implication.  

	

4.2. Building’s Overview 

King Abdulaziz International Airport (KAIA) opened in 1981 and is located at the 

northern side of Jeddah city. It is considered to be the third largest airport in Saudi Arabia by 

annual passenger numbers (?). In addition to the south terminal (the building being studied), 

there are three others: the North, Royal and Hajj terminals. For over 25 years, the south 

terminal has been used exclusively by Saudi Airlines. In 2007, Nas Airlines was also 

permitted to use this building. 

According to statistics from the General Authority of Civil Aviation (GACA) of Saudi 

Arabia, KAIA terminal serviced more than 100,000 flights and 16 million travelers in 2013 

[GACA Statistical Year-book, 2014] (see Figure 4.1). The terminal has a floor area of nearly 

47,100 m² and was built to serve up to 5 million passengers per annum. The terminal has 

experienced an enlargement of 12,096 m² in 2008 to accommodate the growing number of 

passengers. For more information on the building’s shape, elevations and glass percentages, 

refer to Appendix C.    
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Figure 4. 1 The increasing number of passengers and flights for the last 12 years of surveyed building [GACA 

Statistical Year-book, 2014]. 

The south terminal contains of two floors and a mezzanine; the first floor is for to 

international and domestic arrivals; the second-floor is for international and domestic 

departures. The mezzanine is reserved for terminal staff such as airline crews, immigration, 

and security.  

	

Figure 4. 2 Building’s main façade of the landside (south elevation) and surroundings 
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Figure 4. 3 Conceptual plane of surveyed building of the KAIA South Terminal- First the arriving process 
represents arriving process; Second floor plan (bottom) represents departing process 
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Table 4. 1 Descriptive table of physical dimensions within the KAIA south terminal - I/A: is the international 

arrival; A/L: arrival lobby; D/A: domestic arrival; D/D: domestic departure; I/D: international departure. 

Floor Zone Volume 
(m3) 

Floor 
Area 
(m2) 

Ceiling 
Area 
(m2) 

Ext 
Wall 
Area 
(m2) 

Int Wall 
Area 
(m2) 

Glazing Area 
(m2) 

Glazing to 
Ext Wall (%) 

1st floor 

I/A 37619.52 13184.36 13184.36 4007.09 9735.90 848.16 21.16 

VIP 
Lounge 4109.83 1348.37 1348.37 541.02 1347.48 45.12 8.34 

A/L 18230.43 5981.11 5981.11 1907.14 6179.19 314.85 16.50 

D/A 27974.30 10171.75 10171.75 3877.31 6372.51 464.66 11.98 

Boardi
ng 7229.89 2372.01 2372.01 1330.35 2420.98 312.42 23.48 

2nd floor 

Check-
in 18224.30 4156.18 6375.43 1638.63 8728.41 181.14 11.05 

D/D 14278.67 3102.22 4980.87 1384.43 6995.01 531.86 38.41 

I/D 21263.21 4864.41 7355.24 2498.02 10176.57 880.68 35.25 

Totals 148930.1
8 45180.44 51769.17 17184.03 51956.08 3578.92 20.82 

 

4.3. Passengers Profile  

Figures 4.4 through 4.7 illustrate the way in which occupancy levels were estimated 

for different spaces within the building. The data was collected using flight schedules that 

include information about: departure and arrival times, aircraft type, and capacity. From 

given info such as flight schedules and passengers’ pattern described below, occupancy 

levels in different spaces were derived (Fig. 4.4).  Around four million passengers utilize the 

building throughout June, July, and August of 2012.  
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Figure 4. 4 Zones (a) to (f), occupancy levels in various zones including D/D, I/D, within, I/A, D/A and A/L 

within the terminal building on a typical day during the study (flight schedule of KAIA the south terminal) 

 

4.3.1   Departure Procedure 

Most departing passengers check-in directly once they arrive at the airport. According 

to Saudi and SATA Airline regulations, passengers who are required to check in baggage 

must do so at least 1.0 to 1.5 hours prior to departure for a domestic flight and 2-3 hours 
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before an international flight [SATA, 2014]. Reviewing typical arrival patterns shows the 

average person arrives to check-in  approximately 75-150 minutes before their flight leaves, 

[Chun, 1999; Diaz, 2008].  

The actual time the average passenger spends engaged in each process of departure 

(check-in, passport and visa check, security clearance for international) varies and so is 

difficult to determine precisely. Factors that affect the time a passenger takes depends on the 

size of the terminal,the  number of counters and of other travelers.  

Considering of all the factors and evidence collected during the survey, it was 

estimated that the average passenger arrives at least two hours before an international 

departure and 1.5 hours for domestic travel. It was assumed to take between 30-60 minutes 

to get to the departure lounge for international flights and 15-30 minutes for domestic flights.  

	

Figure 4. 5 Departure process for international and domestic passengers and estimated time; (BD: before 

departure) 

4.3.2   Arrival Process  

The arrival process is considerably different from departure due to the necessity to 

unload the aircraft (passengers and baggage) and transport them to the building. According 

to Boeing, an aircraft, i.e. 757-300 that accommodates 240 passengers, needs approximately 

15 minutes to unload passengers and luggage [Cassidy, 2009] (see Figure 4.6).  

Duration also depends on how far the aircraft has to taxi after landing. The longest 

distance between the terminal and any aircraft is 1300 m.  With an average speed of 40 km/h, 

the shuttle bus needs only 1.12 minutes to get from the most removed aircraft to the terminal. 
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If we assumed that it takes only 15 minutes for passengers to get seated on a bus, then a 

maximum of 30 minutes is a rational estimate of how long it takes the last batch of 

passengers to get from their plane to the building.  Based on the information below, it 

estimated that it takes another 15 to 30 minutes to claim baggage, and then 30 minutes for 

international arrivals to pass through immigration and customs procedures (see Figure 4.7). 

  

 
Figure 4. 6 Time required for loading and unloading passengers and baggage as well as cleansing the 

cabin, source: The Boeing Company, source: [Cassidy, 2009]. 

 

 
Figure 4.7 Arrival process for international and domestic passengers and estimated time 
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As stated above, these three figures are of assistance in determining occupancy levels 

in different spaces within the terminal. In turn, the result is used later in the simulation model 

to estimate heat gains.  

 

4.4. Context of the Exploratory Field Study 

The principal goal of this study was to develop and test a survey-based methodology 

that would help arrive at an adaptive model of thermal comfort that could also. , reduce 

energy consumption and reflect the cultural and climatic context. The study followed the 

following steps in pursuit of an adaptive model: 

• Assess the current condition of the building and estimate the typical energy 

consumption of the HVAC system. 

• Conduct a comfort survey to collect occupants’ subjective responses after measuring 

the personal and the physical variables of the building and the conditions inside it. 

• Use the subjective responses to determine a thermal comfort point (TCTP) on the 

Bedford and ASHRAE scales. 

• Create an adaptive model by using regression analysis and the correlation between 

TCTP and the fluctuating outdoor temperature. 

• Check the appropriateness of conventional comfort standards (predictions based on 

Fanger’s PMV index) by comparing it with results from the survey. 

• Compare other adaptive thermal comfort models with the results of this study.   

 

4.5. Post Occupancy Evaluation (POE) of the South Terminal 

4.5.1.  Energy Consumption 

The terminal studied relies on an air-conditioning system for 12 months of the year due 

to the outdoor temperature and the resultant cooling load. (Security requirements prohibit 

natural ventilation.) Table 4.2 shows that heating is not once required, even during the winter 

season. Not surprisingly, the three months assessed in this study have the highest level of 

energy consumption. This three-month period is usually the hottest time of year, and it has 

the greatest number of users.  
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Figure 4.8 Total energy consumption for the KAIA south terminal (Monthly graph) 

	

	

Figure 4. 9 Annual energy consumption per Meter Square for various airports from different climatic regions 
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Table 4. 2 Detailed table of the monthly energy consumption and related cooling loads according to bills; 

highlighted months are the proposed for this study 

Comfort: Zonal Bands     20-24 

Max Heating:  0.0 C - No Heating. 

Max Cooling:  12175633 W at 14:00 on 19th June 

Month 
 Heating      Cooling        Total 

    (KWh)         (KWh)         (KWh) 

Jan          0 1868515 2242219 

Feb          0 1940566 2328680 

Mar          0 2504565 3005478 

Apr          0 3056754 3668105 

May          0 3900234 4680281 

Jun          0 4029235 4835082 

Jul          0 4691673 5630008 

Aug          0 4664430 5597316 

Sep          0 3872536 4647044 

Oct          0 3546044 4255252 

Nov          0 2617925 3141510 

Dec          0 2158526 2590231 

TOTAL        0 38851008 46621210 

PER M²  0 656.1833 787.4200 

Floor Area:  59207.551 

 

4.5.2.  Description of the HVAC System 

Total of 4 York Chillers with overall cooling capacity of 2,800 TR designed to cool 

the South terminal and other associated facilities. To provide occupants with desired cooling 

level, chillers cool water to 5-6 °C and pump it through underground pipes to the AHU that 

located on the roof. These unites allow the cold water passes through to release cold air via 

the terminal and facilities. 
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Table 4.3 shows the cooling and warming configuration of the HVAC system at the 

hottest and coolest times of the year. All spaces cooled to 22 °C with +/-2 °C and 50% RH 

+/-5%. 

 

Table 4. 3 Cooling and heating design criteria used to determine the capacity of the HVAC system 

 

 

 

 

 

4.5.3. Overall Building Performance  

The south terminal at KAIA, similar to numerous airports, has a high ceiling with 

natural light, large open spaces, and glazed facades (see Figures 4.10 (c, d, and e)). These 

features increase the indoor temperature and affect comfort levels inside. In this particular 

terminal, the large glassed facades have a significant impact on the conditions indoors. These 

design features are necessary because of operational and security requirements [Mirek, 

2007]. There are some simple techniques used to reduce their impact on the indoor 

conditions such as air infiltration through doors, reduced by the addition of cooling “air 

curtains” at the entrances and exits. In addition, fans have been installed outside the doors 

located on the first floor (suspended from the ceiling) to decrease the temperature difference 

between indoor and outside where passengers wait for ground services (see Figure 4.10 (b)). 	

During the summer, some of the terminal zones receive more passengers than it is 

designed to handle. This results in greater heat gain than has been designed for. 	

	

City Name Jeddah 

Location Saudi Arabia 

Summer Design Dry-Bulb 40.4 °C 

Summer Coincident Wet-Bulb 30 °C 

Summer Daily Range 12.2 °K 

Winter Design Dry-Bulb 15 °C 

Winter Design Wet-Bulb 9.7 °C 

Design Cooling Months January to December 
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Figure 4.10 Sources of radiant heat at departure and check-in areas (a,c,d and e); methods of reducing the high 

ambient temperature by adding fans (b) 

 

4.6. The Exploratory Field Study 

4.6.1. The Survey  

A transverse survey was created for use over a three-month period from June to August 

2012 (hottest months). Permission from the Saudi General Authority of Civil Aviation 

(GACA) and security department of KAIA airport were granted. The survey was written in 

both English and Arabic so that the subject could use either one.     

Almost 300 subjects were interviewed using tables (4.4, 4.5, and 3.4 to 3.6 in Chapter 

3)  at different spaces within the PTB. Each subject was permitted to participate once on any 

given day. In addition to the questions regarding their thermal comfort, the questionnaire 

gathered general information (gender, age, weight and time of day, a particular area of the 

building). Subjects were also asked to provide their itinerary to check whether they were 

arriving two hours before international flights and 1.5 hours for domestic. This information 

provided a general overview of occupancy levels and how that could influence the conditions 

inside. 

a e 

d 

c 

b 
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. In addition to Nicol’s five-point scale of preference (TP), subjects were asked to rate 

their comfort level on the Bedford’s scale of thermal sensation (TS), from +3, which 

represents “much too warm”, to -3, which represents “much too cold” (see Table 4.4). At the 

same time, activity level and clothing insulation (personal variables) were measured using 

standard checklists from ISO 7730, ASHRAE 55 and ISO 8996 (see Table 3.5 and 3.6).  

Similarly, the list of clothing insulation values for traditional garments worn in the Gulf 

region (one for each gender) and taken from ISO 9920 were used. The passenger’s metabolic 

rate was estimated by asking about their activity in the 15 min. before the questionnaire. The 

values ranged from 0.7 met (sleeping) to 4.0 met (handing bags).  

Clothing insulation values were determined where !!" was the insulation of the entire 

ensemble and any additional individual piece of the garment was calculated using !!"# (clo) 

ASHRAE 55 (see Table 3.5 and 3.6 in Chapter 3).  

Each space in this terminal treated as an independent building due to the particular 

requirements of each. Hence, the study conducted 50 surveys in each area to ensure the 

maximum margin of error was under 0.28 k [Humphreys’ et al., 2010] (see Figure 3.7). 
 

Table 4. 4 The 7-point scale of Bedford for sensations (left), the 5-point scale of Nicol for preferences (right) 

employed 

Scale Feeling 
How do you feel at 
present? Preference 

How would you 
prefer to feel? 

3 ☐ Much too warm    
2 ☐ Too warm ☐ Much cooler 
1 ☐ Comfortably warm ☐ A bit cooler 
0 ☐ Comfortable  ☐ No change 
-1 ☐ Comfortably cool ☐ A bit warmer 
-2 ☐ Too cool ☐ Much warmer 
-3 ☐ Much too cool    
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Table 4. 5 Recording values of both physical and personal variables 

Environmental variables 
measurement Value Personal variables Value 

Temperature (Ti) °C   clo   

Relative humidity (RH) %   Met   

Air velocity(AV) m/s   Note:  

Radiant temperature (Tr) °C     
 

4.6.2. Sample Size and Description  

A comprehensive profile of the investigated subjects is presented in Table 4.6 

Approximately 205 male subjects (68.3%) and 95 female subjects (31.7%) took part in the 

study. The average age of the passengers was 36 who ranged in age from 18 to 65 years 

(SD= 10.1 and Std. Error= 0.58). Most of the passengers were citizens of the Arabian Gulf 

area, North Africa, Sudan, Syria, Lebanon, Jordan, Iraq, Iran, Afghanistan, Pakistan and 

Yemen that share similar climate classification (BWh) of Saudi. 

 
Table 4. 6 Comprehensive profile of investigating subjects including both genders 

Descriptive analysis  
Female Male 

Weight Age Weight Age 

Mean 63.08 36.66 80.55 36.04 

Standard Error 0.67 1.05 0.52 0.70 

Median 63.00 34.00 80.00 37.00 

Mode 60.00 44.00 80.00 38.00 

Standard Deviation 6.48 10.26 7.42 10.00 

Sample Variance 42.04 105.29 55.01 100.08 

Range 30.00 42.00 65.00 47.00 

Minimum 50.00 18.00 53.00 18.00 

Maximum 80.00 60.00 118.00 65.00 

Count 95.00 95.00 205.00 205.00 

Confidence Level (95.0%) 1.32 2.09 1.02 1.38 
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4.6.3. Measuring the Physical Variables  

According to ASHRAE,level I measurements were taken by the airport maintenance 

department who were interested in participating in the project and also wanted to evaluate 

the HVAC system efficiency. A Fluke 51-II digital thermometer was used to measure the 

temperature inside for the whole period so that they could examine how conditions in the 

building reacted to changes in the temperature outside.   

The air temperature was measured in nine different spaces within the PTB, including 

empty areas, using Fluke 51-II. Readings were taken every two hours throughout the day for 

three months (see Table 4.7). Inside each particular space, the temperature was measured where 

direct exposure to any source of radiant heat or cooling source such as air-conditioning 

diffusers could be avoided and so to achieve the recommended accuracy of ± 0.5k. All 

measurements taken at 1.1.m above finished floor level, which is the height recommended for a 

standing person [ISO 7726, 2001].   
 

	
Figure 4. 11 Side of surveyed subjects and their related clothing insulations and activity levels 

 

 

 

Full	male	summer	dress	(0.8	clo)	of	
Saudi	performing	regular	activity	

associated	with	PTB 

Female	dress	of	Saudi	without	
Burga	(0.65),	performing	regular	
activity	associated	with	PTB	 

Saudi	Male	dress	without	Shemag	
(0.65	clo) 

Saudi	Male	dress	with	additional	
piece	(0.9	clo) 

Full	Saudi	male	and	female	dress	
(0.8	clo) 
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Figure 4. 12 Survey environment measured (a, b and c), tasks distribution (d), and draft of data sheet (e) 

 

 
Figure 4. 13 Sample of average hourly and daily indoor and outdoor temperatures (the 14th of July)	

 

Level II measurements of environmental variables (indoor air temperature, globe 

temperature, relative humidity and air velocity) were also taken during the survey. The outdoor 
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air temperature was obtained from the adjacent meteorological station (King Abdulaziz 

International Airport station). This measurement was later associated with the subjective 

measures collected via the survey. 
 

Table 4.7 Sample of Data sheet used during the survey for all zones within the KAIA south terminal 

TEMPERATURE READINGS IN SOUTH TERMINAL AS OF 14 JULY 2012 
TIME D/D I/D 

D/L BH
S A/L D/A 

DA 
I/A VIP M/P CWS

T 
CWR

T OT 
Hrs WL WL 

New 
bldg. 

Two (2) Chillers (2 & 3) are on line at Lc #5 
8:00 22.6 22.5 24.5 23.2 24.5 24 22.5 23.8 21.3 17 42 50.4 33.2 

10:00 23.4 23.1 24.2 22.9 24.3 24 23.1 23.9 21.9 17 42.1 50.8 35.7 

12:00 24.5 24.6 24.8 25 25.3 26.4 25 24.7 22 18 42 50.4 40.2 

14:00 24.9 25 25.4 26.1 26.5 26.4 26.3 24.5 23 17 41.5 50.9 44.5 

16:00 25.3 25.5 26.5 27 27.6 28.5 27.1 25.6 23 17 42 42 44.6 

18:00 26 26.5 27.4 26.1 28.4 28.3 26.4 26.3 22.8 17 42.1 50.3 43.4 

20:00 25 25 26.2 25.3 26.4 27.4 24.8 26.2 22.1 17 45 54 40.4 

22:00 24.6 24.7 25.2 23.4 25.3 26.4 21.5 25.2 21 17 45 54 37.2 

0:00 23.2 23.5 25 22.2 24.2 24.3 21 24 20.7 17 45 53 33.5 

2:00 22.5 22.2 23.8 21.6 24.2 24.1 21 23.5 20.6 17 48 56 33.4 

4:00 21 21.4 23 20.8 24 24 20.8 22.2 20.3 17 50 57 32.5 

6:00 20.8 21.2 22.8 20.7 24 24.2 21 22.5 20 17 51 59 31.4 
D/D: domestic departure; I/D: international departure; D/L: departure lounge; BHS: baggage handling system; 

A/L: arrival lobby; D/A: domestic arrival; I/A: international arrival; VIP: very important person/s lounge; M/P: 

master processor; CWST: chilled water supply temp.; CWRT: chilled water return temp.; OT: outside temp. 

	

4.7. Results 

4.7.1.  Associated Activity Level (AL) 

Subjects were asked about the type of activity they were engaged in for the 15 minutes 

before the survey. The activity levels of passengers ranged between 65 and 200 W/m². In 

general, 65 W/m² was given for a seated, quiet subject, 85 W/m²  whether they were standing 

or relaxing, 100 W/m² if walking. 150 W/m² was assigned to a passenger who was pulling a 

bag or pushing a luggage trolley, and 200 W/m² if the passenger was handling a bag 

weighing around 35 kg (see Table 3.4)[ASHRAE 55, 2004]. Table 4.8 shows that preferred 
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temperatures vary from one space to another, depending on the different type of physical 

activity associated with each.  

Handling, pulling and pushing luggage is the type of activity that was usually 

performed in spaces like the arrival areas, the arrival lobby, and the check-in area. The 

average of all the activity levels was 73 W/m2 (see Figure 4.14).  

 

4.7.2. Associated Clothing Insulation Value (CIV) 

The insulation values of Saudi traditional clothing have been recently included in a 

version of ISO 9920 (see Table 3.5) [ISO 9920, 2009]. According to this standard, the 

traditional summer garments for men have an insulation value of 0.8 Clo; this includes a t-

shirt with 1/3 sleeves, short serwal, long serwal, thobe, kuffiya, white ghutra, eqal, and 

sandals (see Figure 3.6 (top)). In comparison, the standard summer garments (underpants, 

shirt with short sleeves, light trousers, light socks and shoes) identified by McCullough has 

an insulation value of 0.5 Clo [McCullough, 1985].  

Despite the appropriateness of wearing clothing that has a low insulation value, a 

high proportion of Saudi men prefer the traditional clothing than modern clothing. The 

traditional garment is preferred, despite the higher insulation value because of social customs 

and religious reasons. Similarly, social and religious customs dictate that a women’s body 

including her hair should be covered entirely. Hence, females wear an abaya, which is a 

long, loose black plain cloak worn on top of clothes and usually accompanied with the 

“hijab.” Hijab is the large rectangular shawl used by the vast majority of women in the 

Arabian Gulf countries. This veil used around the head (see figure 3.6 (bottom)). The vast 

majority of people using the KAIA terminal were wearing traditional garments. 

Since KAIA is an international airport, the clothing insulation of passengers changed 

from 0.35 to 0.65 Clo. The precise value varied from one group of people to another 

depending on where they were in the terminal. For instance, the vast majority of local 

passengers tended to wear traditional clothing when traveling within the country, yet many 

wore ‘western’ style clothes when traveling abroad. 
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Clothing insulation values were measured using the ISO 9920 standard values (Table 

3.3, 3.5 and 3.6). 0.65 Clo was given to a man wearing only a thobe. If he also dressed in a 

kuffiya, shemagh and egal, then 0.8 Clo was assigned. 

 
Table 4. 8 Passengers comfort preferences associated with various activity levels and clothing insulation 

values.   

 D/A I/A A/L Check-in D/D I/D 

Act. (w/!!) 125.1 133 106.47 121.2 76.9 70.29 

Clo 0.75 0.62 0.69 0.71 0.77 0.67 

Preferred Temp' 25.61 25.57 25.39 25.69 26.55 26.57 
Act.: is the activity level; Clo: is the clothing insulation D/D: domestic departure; I/D: international departure; 

A/L: arrival lobby; D/A: domestic arrival; I/A: international arrival 

 

For women, 0.8 Clo was designated for passengers wearing an abaya, summer daraa, 

shiala, bra, panties, and sandal or a hijab instead of shiala (see Table 3.5). As for the 

standard summer garment, 0.35 Clo represents a person wearing underpants, T-shirt, shorts, 

light socks and sandals, and 0.5 Clo was used to account for a person wearing underpants, 

shirt with short sleeves, light trousers, light socks and shoes. Also, occasionally a jacket 

increased the value to 0.65 Clo. 

 

4.7.3.  Subjective Measurements 

The most important dimension of thermal comfort when expressing the feeling of 

warmth or cold is the thermal comfort sensation scale (TS). More than 81% of the subject 

votes were in the central three points (-1,0 and +1). Similar findings were reported by 

[Heidari, 2005; Rijal, 2002] during their investigations in Yazd (summer) and Nepal 

(summer and winter) respectively when, thermal sensation votes were approximately 90% 

centered on the three mentioned points.   

 The majority (roughly 72% of passengers) voted comfortable when it was between 

(25-27 °C), which is a much higher number of comfortable people than would be expected if 

one was following the international standards. Similarly, nearly 84% felt comfortable at the 

temperature of 26 °C. In contrast, only 25% of the passengers voted comfortable at 
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temperatures of 23 and 24°C, and only 24% did so at 28 and 29 °C (see figure 4.15). Overall, 

46.3 % of the passengers were thermally satisfied at all indoor measured temperatures. 

 

Passengers were also found to have more thermal tolerance (ability to remain thermally 

comfort at higher temperatures than the set points specified by international standards) when 

arriving from a location that had a similar climate to the one in Jeddah. Thus, a high 

proportion of passengers at the domestic arrival voted comfortable at high temperatures, 

despite being engaged in a high activity level. On the other hand, passengers who were 

arriving on international flights reported of being less comfortable at higher temperatures. 

This is probably because people from other climatic regions have different comfort 

expectations due to the relatively low temperatures used in international standards. The 

quality of the conditions inside the aircraft might also have been a factor. 

	

 
Table 4. 9 Descriptive statistics of indoor temperature associated with comfort responses. 

  

Too 
warm 

(2) 
Comfortably 

warm (1) 
Comfortable 

(0) 
Comfortably 

cool (-1) 
Too cool 

(-2) 

Much 
too cool 

(-3) 
Mean 28.09 27.51 25.97 23.81 22.84 22.28 
Standard 
Error 0.25 0.15 0.11 0.12 0.14 0.05 
Median 28.10 28.00 26.00 23.80 23.00 22.25 
Mode 27.00 28.00 27.00 24.00 22.00 22.20 
Standard 
Deviation 0.87 1.10 1.32 0.79 0.83 0.10 
Sample 
Variance 0.76 1.20 1.73 0.63 0.69 0.01 
Range 2.20 4.00 5.80 3.80 2.70 0.20 
Minimum 27.00 25.00 23.00 21.90 21.50 22.20 
Maximum 29.20 29.00 28.80 25.70 24.20 22.40 
Count 12.00 55.00 138.00 47.00 37.00 4.00 
Confidence 
Level 
(95.0%) 0.55 0.30 0.22 0.23 0.28 0.15 
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Figure 4. 14 Level of satisfied subjects at different indoor temperatures  

 
Figure 4. 15 Sample of thermal adaptation methods at various temperatures within the south terminal. 
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Prior exposure was found to have an effect on passengers’ perception of comfort (as 

explained in [ASHRAE 55, 2004]). The impact of prior exposure lasts for approximately one 

hour. Having long-term experience in the local climate also played a major role in 

determining the passenger’s level of comfort. Local passengers felt comfortable at higher 

indoor temperatures when compared with others. These findings suggest that experience 

directly impacts comfort expectations. Long-term experience with hot climate creates a 

preference for thermal comfort that is separated and distinct from the temporary preferences 

created by prior exposure.  

Unlike occupants in some buildings, passengers in a PTB can’t exert any control over 

the climate. As a result, they use methods of psychological adaptation to avoid thermal 

discomfort. In response to thermal discomfort, some were observed increasing their activity 

level through walking and stretching, moving from one uncomfortable spot to another (in 

particular for those who were close to heat or radiation sources), and changing their clothing 

(see Figure 4.16).    

 
	

4.7.4.  Determination of Thermal Comfort Temperature Point (TCTP) and Associated 

Variable Values  

This part of the study focused on seven key variables:  

• Indoor air temperature (ᵒC); 

• Outdoor air temperature (ᵒC); 

• Associated thermal comfort sensation scale (7-point of Bedford); 

• Clothing insulation value (Clo); 

• Activity level (W/m!); 

• Air velocity (m/s); 

• Relative humidity (%) 

 

The first three factors were to calculate TCTP. In this section, the TCTP was measured 

and then compared to other variables to examine the relationships. 
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4.7.4.1   Linear Regression Analysis (Indoor Comfort Temp. Vs. TS) 

To provide an overview before finding TCTP, some general descriptive statistics are 

shown in Table 4.10. The table illustrates the relationship between indoor temperature and 

the TS’s provided in the survey. 

 
Table 4. 10 TS descriptive statistics with indoor temperature 

TS Descriptive Statistics with Indoor Temperature 

TS -3 -2 -1 0 1 2 3 

Max 22.7 24.2 25.7 28.8 29 29.2 28.4 

Min 22.7 21.5 21.9 23 25 27 28.4 

Range 0 2.7 3.8 5.8 4 2.2 0 

Average 22.36 22.85 23.82 25.98 27.53 28.32 28.4 

Count 6 39 49 139 56 10 1 

 

 

Table 4.10 shows that the TCTP is around 26 °C since a majority of the passengers felt 

comfortable at this point. 

Regression analysis is the most traditional method of analyzing thermal comfort of 

occupants by plotting indoor operative temperatures against thermal comfort sensation scale 

(TS)  to evaluate the comfort temperature and examine any changes in thermal comfort in 

response to variations in the indoor temperature. The trend of the mean response on the scale 

over various temperatures encountered by plotting them against each other. In other words, 

the line resulting from the regression of comfort votes upon operative temperature can 

predict the mean response at each temperature. 

 

The coefficient of determination (!!), or "R squared" should be identified. It shows 

how well-observed outcomes are repeated by the model and relied on the proportion of total 
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variation of results interpreted by the model. It is defined as "the number indicates the 

percentage of the variance in the dependent variable that is predictable from the independent 

variable" [Steel and James, 1960; Glantz and Bryan, 1990; Draper and Smith, 1998; 

Montgomery and Runger, 2010]. The following equation represents the form of the 

regression line.  

 

! = ! + !!!"                                                                                                       Eq. 4.1 

 

Where ! is the predicted comfort vote, ! is the intercept on the vertical axis; ! is the 

gradient of the line, and ! is the independent variable that is the temperature in this case. 

This model should then be able to predict the comfort vote (dependent variable) on the y-axis 

from the operative temperature (independent variable) on the x-axis. Comfortable 

temperature can also obtain from the equation by substituting !  with 0 (satisfactory 

condition on the (TS)), or it can be directly gained from the scatter plot when the regression 

line is intersected with  ! = 0 grid-line. 

	
Figure 4. 16 Regression of thermal sensation with the indoor globe temperature, showing the actuale sensation 

line and the neutral comfort temperature 
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Using a simple linear regression method, the following equation is derived 

 

! = 0.44!!" − 11.5                                                                                             Eq. 4.2 

(!! = 0.65) 
  

By substituting 0 for ! ,representing the comfort condition, the indoor operative 

temperature at which occupants felt thermally comfortable can be calculated. Hence,  the 

value of 26.13 °C was derived. Moreover, associate temperature with each point of the 

comfort sensation scale can also be obtained by substituting their values for ! . It is  

presumed that occupants voting comfortable (TS=-1to+1) accepted the environment 

[Indraganti, 2010]. Accordingly, the comfort band 23.86-28.4 ≈ 24-28 °C , coinciding with -

1 and +1 sensation vote have been obtained using the above regression equation (see Table 

4.11). For every feeling unit, it was observed that there was an increase in comfort 

temperature by approximately 2.27 °C .  

 To comply with categories I, II and III comfort temperature boundaries ±0.2, ±0.5 and 

±0.7, respectively provided by the EN15251, the recommended comfort temperature bounds 

were narrowed to 25.68- 26.59 °C , 25.00-27.27 °C , and 24.55-27.73 °C . The appropriate 

limit can be picked depending on building type and condition (see Table 4.11). 

	

Table 4. 11 Each temperature point associated with the thermal sensation scale (TS) 

 
TS -3 -2 -1 0 1 2 3 
Associated 
Temp. 19.32 21.59 23.86 26.14 28.41 30.68 32.95 
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Table 4. 12 Various comfort temperature boundaries I, II, and III recommended by EN15251 using equation 

4.2 

Category TS !!"#$(�! ) 
 

 -1 23.86 

-0.9 24.09 

-0.8 24.32 

III -0.7 24.55 

-0.6 24.77 

 

II 

-0.5 25.00 

-0.4 25.23 

-0.3 25.45 

 

 

I 

-0.2 25.68 

-0.1 25.91 

0 26.14 

0.1 26.36 

0.2 26.59 

 

II 

0.3 26.82 

0.4 27.05 

0.5 27.27 

I 0.6 27.50 

0.7 27.73 

 0.8 27.95 

0.9 28.18 

1 28.41 
TS: is the thermal sensation scale;  !!"#$: the indoor comfort temperature (ᵒC) 
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4.7.4.2. Linear Regression Analysis (Indoor Comfort Temp. Versus Outdoor) 

A change in the outdoor temperature has three significant consequences. It affects the 

actual temperature inside the building; it has an impact on the amount of energy required to 

maintain adherence to the comfort standard used in the building, and it may also influence 

the thermal expectations and preferences of passangers (both because of prior exposure and 

because of long-term experience). This study evaluated these correlations to determine the 

thermal comfort ranges. 

The conditions in the building changed in a consistent manner in response to 

fluctuations in the outdoor temperature. Variations in the outdoor temperature also affects 

what occupants will consider comfortable indoors. This reality is the primary reason that 

developing an adaptive model is necessary. The adaptive model starts by plotting the points 

where occupants feel comfortable against the outdoor temperature.  

 

As for the adaptive approach (indoor comfort and outdoor temperature), Humphreys 

suggested that comfort temperature, depending on the outdoor temperature, could be 

expressed by an equation of the form: 

 

!!"#$ = !!!"# + !                                                                                              Eq. 4.3 

 

Where !!"#$  is the optimal temperature for comfort (ᵒC), and !!"#  is the outdoor 

temperature from the survey (ᵒC), ! and ! are constant  [Humphreys, 1973]. 

To find out and confirm the optimal estimated point of indoor and outdoor 

temperature, the zero TS votes were isolated and then fitted by using simple linear regression 

as Figure 4.17 illustrates.  

A person’s thermal comfort is affected by many individual and physical variables. 

However, the outdoor temperature was found to have a correlation with the changing of 

indoor temperatures. The linear relationship between these two variables is illustrated in Fig. 

4.17.  
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Figure 4. 17 Indoor temperature versus the outdoor at TS= 0 

	

 

Plotting the indoor temperature at which the occupants felt comfortable against the 

outdoor temperature provides the most appropriate equation for this study since the aim was 

to find the right combination of thermal comfort variables in which most of the occupants 

voted comfortable.  (The votes of people who were not comfortable excluded). 

The equation based on Figure 4.17:  

 

!!"#$ = 0.21!!"# + 18.38                                                                                  Eq. 4.4 

!! = 0.27 

 

Figure 4.17 is an enhanced version, which has been done by eliminating eight points 

that represent comfort indoor temperatures when outdoor temperature exceeded 45 ᵒC . 

These outdoor temperatures have limited value because the actual temperature rarely 

exceeded 45	ᵒC according to local weather station readings (see figure 1.1). 
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Since the data was collected during the summer time, then it is applicable to use a 

linear regression fitting. However, if the study had covered the whole year, then the data 

trend could not be estimated using linear regression, e.g. Humphrey’s graph of 1978 (see 

graph 2.3) 

The comfort temperature range for this period can also be calculated by using Equation 

4.4 (adaptive) and substituting !!"# and !!"# value with maximum and minimum outdoor 

measured temperatures when the occupants voted thermally comfortable, as follows: 

 

!!"# = 0.21 !!"# + 18.38 = 24.26    °C                                                                   Eq. 4.5                                                              

 

!!"# = 0.21 (!!"#)+ 18.38 = 28.67   °C                                                                    Eq. 4.6                                                                   

 

 This calculation suggests a range of comfort temperature depending on the outdoor 

air temperature of ≈ 24-28 °C. 

 

4.7.4.3.  Determination of the Running Mean Temperature 

[Humphreys and Nicol, 1995; Nicol and Raja, 1996] proved that an exponentially 

weighted mean outside temperature deliverd anaccurate correlation. This method is well-

know in nuclear physics and medicine [Nicole, 2002], and canbe obtained via the application 

of equation 4.7: 

 

!!" = !!"!! + !!!"!! + !!!!"!!…… /{1+ ! + !!…… . }                         Eq. 4.7 

 

Where !!"  is the running mean temperature on day ! (°! ),	!!"!! 	is the running mean 

temperature on day ! − 1 (°!), !!!−2 is the daily mean temperature on day ! − 2 (°!)	and 

so on.  

! value is usually between zero and one and defines “ the quickening responses of the 

running mean to change in the outside temperature” [Nicol, 2002]. The running average 

temperature should be collected for no fewer than seven and no more than 30 consecutive 

days before the day of the survey [ANSI/ASHRAE Standard 55, 2013].  
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Since the survey was conducted during summer time (Jun, Jul, and Aug), the running 

mean  temperature was calculated for the previous seven days starting from 4th  to 10th of 

Jun. Important values to make proper calculations were uploaded into table 4.13 including 

mean daily temperatures, the number of days (!) and weighted running average temperature 

of the outdoor. 

	

Table 4. 13 Calculating running mean temperature for the previous seven day before the survey using CEN 

Standard EN15251 method. 

Jun 

Day (n) 
Daily mean temp. 

(°C) 
Weighted running 
mean temp. (°C) 

4 36.3 

  

5 37.6 

6 37.9 

7 32.7 

8 32 

9 32.7 

10 32.1 

11 31.4 33.55 

12 32.2 32.8 

13 30.6 32.4 

14 31.3 31.7 
 

Weighted running mean temperature for the survey day is based on CEN Standard 

EN15251 approximate calculation method that provides a fixed value for ! , which is 

! = 0.8.  

Using equ. 4.4, the indoor comfort temperature based on the values of the running mean of 

the outdoor temperature can be predicted as shown.  

 !!"#$ = !".!" ᵒC 

 

, and !!""#$% = 0.21 !!" + 18.38 ∓ !!"#                                                           Eq. 4.8 
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Where !!"#(80%)= ∓3.5 K � 22-29 ᵒC and !!"#(90%)= ∓2.5 K � 23-28	ᵒC.  

 

According to [ASHRAE 55, 2004] this is more appropriate when the !!" is not 

greater than 33.5, activity levels are between 1-1.3 and for free-running buildings.  

 

4.7.4.4.  Prediction of Comfort Temperature using Griffiths’ Method 

Comfort temperature can be further investigated using Griffiths’ method. The comfort 

is calculated by three regression coefficient as shown in table 4.14. 

 

!! = !!" − !/!                                                                                                   Eq. 4.9 

 

Where ! is the comfort vote, and ! is the regression coefficient by Griffiths. ! values 

were assumed to be 0.25, 0.33 and 0.5 for a 7-point thermal sensation scale [Nicol et al., 

1994; Humphreys et al., 2013], and used for many studies, e.g. [Rijal et al., 2014 ]. 

Therefore, the comfort temperature was investigated in this study by using these regression 

coefficients.  

 
Table 4. 14 Average operative comfort temperature predicted by Griffiths’ method, where RC: Regression 

coefficient; S.D.: Standard Deviation 

 RC 

 G=0.5 G=0.33 G=0.25 

Average 25.89 26.08 26.25 

Sum 7768.7 7824.3 7876.7 

Count 300 300 300 

Variance 1.68 4.2 8.8 

S.D. 1.29 2 2.97 
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The associates mean comfort temperatures with each regression coefficient is 

illustrated in Table 4.14. These averages are not very dissimilar, thus the comfort 

temperature predicted using the coefficient of 0.50 is used for the sake of further 

investigation. This coefficient also has the smallest value of standard deviation which 

reflects a more static mode.  

 

4.7.4.5.  Indoor and Outdoor Temperature Versus Thermal Comfort Sensation Scale 

(TS) 

Figure 4.18 shows the effect of outdoor temperature on the passengers’ perception of 

comfort in the terminal. Many passengers reported being comfortable at higher temperatures 

than the ones prescribed by international standards. There are several plausible explanations 

for their acceptance of temperatures outside international comfort zones. The temperature at 

which most passengers reported being comfortable was 26 °C. Similarly, the hotter it was 

outside, the greater the proportion of people who were comfortable at 26 °C.  

The results lead to the conclusion that occupants in hot climatic regions prefer to have 

a small difference between outdoor and indoor temperatures as possible. Thus, as long as the 

temperature is maintained at a level that is consistent with their comfort zone (their personal 

comfort zone probably does change in relation to the outdoor temperature). Maintaining the 

terminal at KAIA using this model would drastically reduce, if not eliminate, the risk of 

thermal shock. Uncomfortably cool indoors conditions often required the passenger to resort 

to use activity to raise their MET. While engaging in physical activity is suitable for some 

passengers, it was not an option for women or the sick and elderly. Social customs in KSA 

make it unlikely that a woman would feel comfortable engaging in heavy activity in public to 

raise her body temperature. If the HVAC system in the south terminal was programmed to 

maintain a temperature based on the principles elucidated above, it would increase the 

thermal comfort of many passengers while reducing the demand on the HVAC system and 

lowering energy consumption.  

These results were then compared to existing adaptive models that included outdoor 

temperature as a determining variable.     
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Figure 4. 6 Indoor and outdoor temepratures versus TS 

 

 

4.7.5. Associated Clothing Insulation Value with TS 

Linear regression fitting was used to determine the relationship between clothing 

insulation values and TS. Table 4.15 illustrates the average clothing insulation values (CIV) 

that correspond to each TS. 

 
Table 4. 15 Clothing insulation average for each TS 

TS -3 -2 -1 0 1 2 3 

CIV 0.80 0.74 0.65 0.71 0.72 0.63 0.65 

 

Using Table 4.15, the average clothing insulation value when occupants voted 

‘comfortable’=0 was 0.71 clo.  If the comfort band is assumed to be between -1 and +1, then 

an average clothing insulation value is 0.70 clo.  

	 Most of the surveyed passengers were Saudis, and most of them wore traditional 

apparel that has a CIV range of 0.65- 0.80. Thus, the CIV associated with TCTP is indicative 

of a typical person in Saudi Arabia. Hence, it is probably different than other attempts to 

correlate the two variables.  
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4.7.6. Associated Activity Level with TS 

The activity level of most passengers changes from one area to another within the 

KAIA terminal. For example, a passenger in the check-in area has a higher activity level 

compared to the other spaces because of the need to transport luggage. In this study, the 

average activity level was calculated by using a linear estimation of the relationship between 

TS and the activity level for the passenger. Table 4.16 presents the mean activity level for 

each TS. 

 
Table 4. 16 Activity level average value for each TS 

TS -3 -2 -1 0 1 2 3 

AL 80 93 103 100 119 146 150 

 

Using Table 4.16, the average of activity level when occupants voted ‘comfortable’=0 

was 100 W/!!. If the comfort band was assumed to be between -1 and +1, then the optimum 

average activity level is 107.3 W/!!.  

 

Unlike the correlation between TS and CIV, the activity level of passengers fluctuates 

more and has a greater effect on the overall TS of passengers. In many studies, it is a 

difference in CIV that explains the variance in thermal comfort amongst people in the same 

environment, but the CIV values were of little importance in this study because almost all 

passengers had an identical CIV. Most had an insulation level 0.7 clo (CIV of Saudi 

traditional garments) regardless of their comfort votes.  

 

4.7.7. Relationship between Thermal Sensation (TS) and Preference (TP) 

All of the votes from passengers who were uncomfortable were plotted against the TS 

(see Figure 4.19). This figure demonstrates that a meaningful proportion of occupants, 

around 6%, still desire a higher temperature even when they feel “neutral”(0). This fact 

about real passengers could lead to a widening of the comfort range allocated for this type of 

environment. Moreover, even when the passengers felt “comfortably cool”, 94% of them 
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voted that they “wanted to be warmer”; when passengers said they felt “comfortable warm,” 

nearly 72% voted that they “wanted to be cooler.”   

 

	
Figure 4. 19 The proportion of subjects who wanted to be warmer and cooler for every TS 

 

4.7.7.1  Thermal Sensation (TS) 

Approximately 47% of all passengers reported being comfortable. Cold discomfort 

was more frequent; about 30 % of the population felt cold (-1 to -3), whereas only 22% felt 

warm (+1 to +3) (see Figure 4.20 (a)). It is significant that more people were colder than 

warmer even when the indoor temperature was higher than what is prescribed by the 

international standards.  

 

4.7.7.2  Thermal Preference (TP) 

Figure 4.20 (b) shows the distribution of thermal preference votes. A preference for 

warmer conditions was observed throughout the survey, even while some of the subjects 

voted comfortable. More than 30% of the population wanted to be warmer while only 15% 

wanted to be cooler. 
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Figure 4. 20 Frequency distribution of (a). Thermal sensation and (b) Thermal preference 

 

Figure 4.21 the correlation coefficient (r) of 0.45 resulted from plotting thermal 

preference (TP) against thermal sensation (TS). It is relatively small due to occupants 

showing thermal tolerance and sometimes voted to be warmer even though they were 

'comfortable.’  

	

	
Figure 4. 21 The relationship between TS and TP of subjects during the survey 
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4.8.  Important Findings and Justifications 

Having compared the comfort zones suggested by the current model with a variety of 

other well-known models, it is clear that there is adequate evidence to justify developing an 

adaptive model. This model is specifically designed for the climate in Saudi Arabia, the 

distinctive features of the south terminal, and the unique expectations and preferences of the 

majority of the passengers.  The results of this study overwhelmingly suggest that reliance on 

the PMV index to predict the comfort preferences of people in hot climatic regions leads to 

maintaining unnecessarily low temperatures and results in excessive and unnecessary energy 

consumption. The PMV index suggests that the comfort zone in the south terminal should be 

between 16 °C to 22 °C, but the data collected and analyzed by various methods confirms 

that most of the passengers had a comfort zone of 26 °C +/- 2k.  

Most of the adaptive models use the mean outdoor temperature as the main variable in 

determining the indoor comfort zone. These models should be better suited for a climate like 

Saudi Arabia given that PMV indexes are probably not intended for places that have 

extremely high temperatures. Even though it seemed like the adaptive models would be more 

efficient for Saudi Arabia.  

The next chapter will construct an adaptive model that utilizes more variables than 

simply relying on outdoor temperatures. This model will be based on the analysis of the 

surveys of passengers. Resulted models then will be compared to other, well-known, 

adaptive and comfort models that were developed under similar conditions.  

It became apparent during this study that the difference in thermal comfort from one 

space to another was due to the variation in personal variables. Hence, it is essential to 

examine these variables in more detail to better understand their impact on each of the 

different spaces.  

 

4.9. Lessons Learned 

The following are the lessons learned during the preliminary field study: 

1. Permission to perform the survey and install the equipment will be requested at least 

three months in advance to avoid the security problems encountered this time. 

2. Simple measurements of class I will be taken during the main field study to obtain 

more accurate data related to the correlation between indoor temperature and the 
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outdoor. This will be done using data-loggers in different locations within one zone 

due to variation in temperature.  

3. For cultural and religious constrains, many female passengers were conservative 

toward participating in this study, especially with male surveyors . Therefore, 

contacts were made with local females in the School of Architecture to recruit them 

as a part of the investigation team for the main study.  

4. Based on the local airlines’ record during summer season, Male at KAIA airport are 

twice the number of female travelers. 

5. A thermal comfort model should be developed for each zone within the terminal 

building because the variables were different in each area.  

6. Survey votes should be categorized according to where the passenger is from. This 

will allow the study to consider whether people from different regions have different 

thermal preferences. 

7. Studies should attempt to conduct surveys at all indoor temperatures. For example, 

only one subject voted too warm, so there was insufficient information on what 

passengers considered too warm. 

8. The ASHRAE 7-point sensation scale will be used instead of the Bedford because 

surveyed subjects tended to vote 'comfortably warm'(+1) and 'comfortably cold' (-1) 

when they were 'comfortable' (0). 	
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Chapter Five	

5  Main Field Study of KAIA Terminal 
 

5.1 Objective                                                                         

Subsequent to the initial study, a further survey was carried out. The main purpose was to 

overcome the identified shortcomings of the first study and build on the lessons learnt in the 

exploratory field study of 2012. The sample size was doubled to lower the margin of error and 

improve the reliability of the results. The first study was limited to local passengers whereas the 

second study included results from international passengers and ensured a greater representation of 

female passengers. The survey provides a method of evaluating the current thermal control strategy 

but also provided the raw data for creating an adaptive model of thermal comfort appropriate to this 

specific application.	

 

5.2  The Second Comfort Survey 

A total of 628 passengers were surveyed in June, July, and August of 2013. In 

addition to the surveys, the study also measured the relevant personal and physical variables. 

As before, a transverse method of surveying was used. Prior to the interview all of the 

participants were briefed about the survey. The survey was provided in both English and 

Arabic. The survey was based on those used in other studies [Nicol et al., 2002] and 

employed both male and female surveyors in order to enhance communication efficiency 

with passengers (many of the females surveyed seemed reserved and/or refused to participate 

during the first study). 	

The required permission from GACA and the security department were sought earlier 

on this occasion. As a result, permission was granted to install data-loggers to monitor the 

indoor environmental variables for the whole period.  	

The surveys began with questions about gender, age and weight, and also included 

information on the time of the interview, the time of their flight, the date and location. The 

survey also asked where people were from in order to assess whether the climate of their 

home country had any perceivable impact on their thermal preferences. The seven-point 

ASHRAE scale was used to determine the thermal sensation (TS) of subjects. Nicol’s five-
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point scale of preference (TP) was also used. The same methods of measuring activity level 

and clothing insulation were used (see figure 5.1). 	

Environmental variables including air temperature (!!), globe temperature (!!), relative 

humidity (RH) and air velocity (!) were measured at the same time as the survey was 

conducted.  

Class I measurements were taken in each of the six different zones within the south 

terminal (check-in area, international and domestic arrival, international and domestic 

departure and arrival lobby). Each space was monitored at various points over 24 hours. Two 

to three data-loggers were utilized for each space depending on its size and temperature 

variation. Average temperatures were calculated and a derived and representative 

temperature used for each space. The departure lobby check-in and the two departure 

lounges were greatly impacted by the radiant heat that entered through the large glazed 

façade and skylight. Hence, three data-loggers were used in each of these due to the large 

difference in temperature readings.  

 

All of the data collected was divided into three categories based on the outdoor air 

temperature conditions: 

1. When the outdoor temperature was 35 °C and less.  

2. When the outdoor temperature was between 35 °C and 40 °C. 

3. When the outdoor temperature was 40 °C or more. 

 

The indoor temperatures ranged between 21-30 °C for all three of the aforementioned 

categories.  
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Figure 5. 1 Sample of the English version of the survey sheet that filled-out by surveyors 

 

5.3  Instruments and Calibration 

According to the ASHRAE method, measurements of the physical variables were 

done using both the Class I and Class II [ASHRAE, 2005]: 

 

5.3.1  Class I 

Simple measurements of temperature were collected using the HOBO U12 type data-

logger with no subjective responses for the six spaces. The data-loggers were placed 3 

meters above the ground to keep them away from any sources of heat or cold and free from 

interference. The purpose of these measurements was to examine the extent to which the 

building’s indoor environment changed in response to the temperature outdoors. This type of 

data is rare, especially in PTBs, because collecting such data is costly, time-consuming and 

difficult because of security requirements. The timing of the data-loggers was calibrated to 

meet local time since the outdoor temperature data of KAIA airport was collected from the 

Presidency of Meteorology and Environment (PME) of Saudi Arabia. Hopefully the data 
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collected in this study will be useful to other researchers trying to create adaptive models in 

areas that have climates similar to KSA. 

 

 
Figure 5. 2 Height at which data-loggers have been installed at different spaces within the south terminal	

 

5.3.2  Class II  

In addition to the Class I measurements, this field study also took the measurements 

required by the ASHRAE method: sets of hand-held calibrated digital instruments were used 

immediately following the interviews and surveys. All environmental and personal variables 

including Ti, Tg, RH, V, AL and CIV were measured. The hand-held instruments used 

during the exploratory study were also used for this study (see Figure 4.12).  	

 

5.4  Sample Size and Quality    

				The 2013 study utilized the responses from 628 adult passengers. So, a dataset of 

628 individual records consisting of 15 individual responses make up the dataset.  

Information on personal and environmental variables for each surveyed subject was 

gathered. A comprehensive profile of the passengers surveyed is shown in Table 5.1. There 

were 407 male subjects (64.8%) and 222 female subjects (35.62%). They ranged in age from 

18 to 65 years with average age of 37 years. Most of the subjects were Saudi nationals or 

people from countries share similar climate and cultural background. The rest were 

passengers from moderate/cold climatic regions. Approximately 105 people were surveyed 



133 

Main Field Study of KAIA Terminal 

 
 

133 

in each of the different areas (this represented a margin of error of less than 0.2 °C  

[Humphreys et al., 2010]) (see Figure 3.7).								

																																																																																																																														

Table 5. 1 Comprehensive profile of investigated subjects of both genders during the 2013 survey.	

 Female Male 

 
Weight 

(Kg) 
Age 

(Year) 
Weight 

(Kg) 
Age 

(Year) 
Average 63.5 38.5 80.4 36.7 
Sum 14,097 8,546 32,803 14,954 
Count 222 222 408 408 
Variance 47.2 115.4 59.5 95 
S.D. 6.9 10.7 7.7 9.7 

 

Given the hypothesis that personal thermal experience has a direct impact on thermal 

expectations and preferences as per [Sharma, 1986; Busch, 1992; Mathews, 1995; 

Williamson 1995; Taki, 1999; Nicol, 1999; Bouden, 2001; Priato and Depcker, 2003] and 

many other studies, passengers were categorized into 3 different s A, B and C: 	

 

 

1- Group A included passengers from the Arabian Gulf area, North Africa, Sudan, 

Syria, Lebanon, Jordan, Iraq, Iran, Afghanistan, Pakistan and Yemen who live in 

rural/small towns and share similar climate classification (BWh). People from these 

areas are accustomed to climates similar to KSA (see Figure 5.4). Matz and 

colleagues reported that rural populations spend more time outdoors [Matz et al., 

2015]  and thus less time in air-conditioned buildings than urban.  	
 

2- Group B included people from the same countries, but who live in modernized cities 

like Riyadh, Jeddah, Dubai, Cairo, Doha, etc. People from big cities tend to spend 

more time  (80-90% of their lives) in air-conditioned buildings [Hancock, 2002]. 

Hence, they tend to be more sensitive to high temperatures and have higher comfort 

expectations than people in group A.	
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3- Group C included people who live in mild/cold environments and/or have a higher 

living standard, like Europe, North America and some parts Eastern Asia. People 

from this particular group have been involved in many studies. Their comfort votes 

were compared with the other two groups. It was anticipated that this group would 

have a different comfort zone (a preference for lower temperatures) than the others.	

 

Taking both surveys together, group A made up 31% (n= 287) of the people surveyed; 

47.6% (n= 442) were in Group B; and 21.4% (n= 199) were in Group C. The percentage of 

people from each category may not be representative or reflective of the entire group of 

passengers. 

In contrast to the first survey, this study divided the terminal into 9 areas. People were 

surveyed in each to guarantee that the samples reflected the real activity level in that area 

and allowed each passenger time to adjust to the new condition. The arrival area was divided 

into three areas: two areas after baggage collection and one in the lobby on the way out. For 

departing passengers, there were six zones: two in the check-in area while they are queuing 

for check-in and four zones in the departure lounges, the retail shops, and waiting areas (see 

Figure 5.2).  

 

 

Figure 5. 3 Koppen’s world climate map clarifies countries that share similar climate classification ( BWh) 

with Saudi Arabia [Rudolf, 1928] 
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5.5  Subjective Measurements 

Passengers rated their comfort level on a descriptive TCSS. According to the Class I 

measurement, the indoor temperatures ranged from 23  – 28 °C. Very few subjects were 

surveyed in areas where the temperature was 22 °C or below and similarly when the 

temperature was over 29 °C due to the scarcity of these conditions.	

 

Table 5.2 shows that approximately 65% of subjects felt “neutral” at temperatures of 24 

°C and 25 °C, which is less than in the first study. This change is probably due to the 

involvement of group C since they are known to feel comfortable at lower temperatures. About 

50% of the subjects voted comfortable at 26 °C, whereas only 40% of the people felt 

comfortable at 23 °C and 27 °C. Only 15% of the people were comfortable at 22 °C and 28°C. 

Temperatures under 22 °C and over 28 °C had even fewer people who felt comfortable. Table 

5.2 illustrates that 42% of all passengers were thermally comfortable between 22 °C and 28 °C. 

This data suggests that the neutral temperature is between 24 and 26 °C since the highest 

number of subjects reported being comfortable in that temperature range. 

 

Figure 5. 4 Subjective responses on the TCSS at various indoor temperatures ranged between 21-29 °C for all 

population using the south terminal	
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Table 5. 2 Descriptive statistics of indoor temperature associated with each point of the TCSS for all surveyed 

subjects during 2013 within the terminal building.	

TCSS -3 -2 -1 0 1 2 3 Total 
Subjects 3 28 97 257 158 71 14 

628 

% 0.47 4.45 15.44 40.92 25.15 11.30 2.22 
Temperature 

Average 22.33 22.69 23.39 25.14 26.94 27.57 28.66 
Sum 67 22.69 2269.3 6485.4 4283 1957.8 401.2 
Count 3 28 97 258 159 71 14 
Variance 0.01 0.58 0.71 2.07 1.98 1.08 0.19 
S.D. 0.12 0.76 0.84 1.44 1.41 1.04 0.43 

 

 

Table 5.2 reveals that most passengers felt “neutral” at the mean globe temperature of 

25.3 °C, which is 0.83 of a degree less than the neutral temperature found in the first study. This 

is probably because the current survey included subjects from all groups while the previous one 

was based on local and regional passengers and mostly of men.  

 

5.5.1  Thermal sensation (TS) for Male and female 

Male and female passengers have similar thermal preferences: 40.8% of men and 43.6 

of women felt comfortable. Female passengers demonstrated more thermal tolerance, since only 

35% reported being warm compared to nearly 40% of the male population, and women have 

higher clothing insulation values. Almost 25% of both genders felt cool (see Figure 5.5).    

 

5.5.2 Thermal preference (TP) for male and female 

Figure 5.6 shows the distribution of votes by gender. Female and male thermal 

preferences were almost identical. 

Throughout the survey a preference for cooler conditions was consistently expressed by 

passengers, even when subjects voted “neutral”. Approximately 35% of the passengers (female 

and male) wanted to be cooler, while nearly 21% preferred to be warmer. This ratio is different 

than the one from the previous study (in the first study many people expressed a desire to be 

“warmer”). This difference is probably a result of the inclusion of people from outside the Gulf 

Region. 	
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Figure 5. 5 Frequency distribution of thermal sensation for male and female using this building	

 

 

 
 

 
Figure 5. 6 Frequency distribution of thermal preference of male and female using the building	

 

5.5.3  Thermal sensation (TS) for group A, B and C 

Figure 5.7 shows that around 40% of subjects in all groups voted comfortable. The 

following reported being “cool”: 28% of group A, 21% of group B and only 8.5% of group C. 

The percentages of people who voted “warm” were 26% of A, 42% of B, and 48% of C. The 

vote distribution suggests that people in Group A have a higher thermal tolerance and that 
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people in group C are accustomed to lower temperatures and therefore more likely to be 

uncomfortable in warm temperatures, as expected.  

 
Figure 5. 7 Frequency distribution of thermal sensation for various groups using this building	

 

5.5.4  Thermal preference (TP) for group A, B and C 

          Approximately 28% of Group A and B wanted to be cooler, and another 28% wanted 

to be warmer. In comparison, more than 50% of group C wanted to be cooler and only 7% 

wanted to be warmer despite occupying the same environment.  

 
Figure 5. 8 Frequency distribution of thermal preference of various groups using the building	
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5.5.5  Relationships between thermal sensation and preference of all groups 

           The results of the passenger survey make it clear that different people have different 

perceptions regarding what constitutes a comfortable temperature. The next figures reveal 

the relationship between TS and TP for each of the three groups of passengers. Figure 5.9 (a) 

shows that most of group A (more than 90%) wanted to be warmer when they were “slightly 

cool”, whereas 70% of same population wanted to be cooler when they were “slightly 

warm”. This could be due to high thermal tolerance of this group.  

 

          At “slightly warm”, 90% of group B wanted to be cooler, which suggests that this 

group has higher thermal comfort expectations as a result of their experience in air-

conditioned building. 76.5% of group C wanted to be warmer when they were “slightly 

cool”, whereas 89% of same group wanted to be cooler when they were “slightly warm”. 

This suggests that this particular group has the lowest thermal tolerance and the highest 

thermal expectations.  

 

       The difference in what each group considers “comfortable” or “neutral” will be easier to 

see when a model for each group is created and compare results using the T-test. The T-test 

compares the actual difference between two means in relation to the variation in the data 

(expressed as the standard deviation of the difference between the means). 
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Figure 5. 9 The proportion of subjects who wanted to be warmer or cooler for every TCSS for group 

A(a), group B (b) and group C (c)	

 

5.6  Measurements of Environmental Variables  

5.6.1  Outdoor Measurements 

During the three months of this study, the outdoor air temperature and relative humidity 

were obtained from data provided by the   KAIA weather station. Figure 5.10 shows the daily 

mean outdoor air temperature and relative humidity for June, July and August. The average 

monthly outdoor air temperature during the summer months were 37°C, 36.6°C and 36.8°C 

respectively. As for relative humidity, the monthly means were 45.1%, 56.7% and 59% 

respectively. The average outdoor temperature for the entire three months was 36.8 °C. During 

the survey the average temperature is around one degree higher than those illustrated in figures  
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5.10 and 5.11 since most subjects participated during occupied intervals when average outdoor 

temperatures were comparatively high. 	

 

 
Figure 5. 3 Daily mean outdoor air temperature (°C) and relative humidity (%) for the KAIA airport during 

the summer period of 2013	

 
Figure 5. 4 Sub-hourly outdoor temperature and average indoor temperature of all spaces within KAIA south 

terminal for one summer month of 2013	
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Figure 5.11 illustrates the sub-hourly outdoor air temperature against the indoor 

temperature for a whole month. It demonstrates that there is a noticeable correlation between 

the building’s temperature and that outside.  This correlation will be explored using 

regression analysis and then plotted against each other in order to determine their related co-

efficient (R-square). This correlation will help develop an adaptive thermal comfort model 

that prescribes different indoor operative temperatures depending on the conditions outside. 

Once all of the equations have been constructed, the outdoor air temperature data can then be 

used to determine the neutral indoor temperature. 	

 

5.6.2   Indoor Measurements 

Table 5.3 shows the values of the physical variables indoors along with the outdoor 

temperature. The outdoor temperature will be used to correlate the indoor variables with the 

survey results. The operative temperature, as explained in the methodology section, will be 

calculated using equations 3.1 to 3.4 since the average air velocity ! exceeds the value of 0.10 

m/s. Table 5.4 shows calculated !! and !!" using available values of !!, !! and !.	

	

 

Table 5. 3 Descriptive statistics of indoor and outdoor environmental variables including !!", !! , !!"#, !" and !	

 
!!" RH V !!"# 

Average 25.55 0.50 0.11 38.08 
Sum 2,087.10 43.93 10.34 23,989.30 
Count 628 628 628 628 
Variance 0.83 0.00 0.00 16.61 

S.D. 0.91 0.03 0.03 4.08 
 

 From Table 5.4, the operative temperature varies slightly from the air temperature since 

the average air speed is equivalent to 0.11 m/s and the globe temperature in most cases was 

similar to the air temperature. This study will use indoor temperature instead of operative 

temperature.  
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Table 5. 4 Sample of calculated radiant and operative temperature values 	

 

Ta v Tg Tr Top 

21.50 0.15 22.00 22.66 21.73 

21.60 0.08 22.00 23.43 22.07 

21.60 0.08 22.00 23.43 22.07 

……… ……… ……… ……… ……… 

29.20 0.15 29.00 28.68 29.10 

29.30 0.08 29.00 27.92 28.93 

29.40 0.12 28.90 28.20 29.13 

 

  

5.7  Measurements of Personal Variables  

As shown in Table 5.5, the neutral temperature is directly affected by both personal 

variables (clothing and activity level). The lowest level of activity normally occurs in the 

departure area. Thus, the neutral temperatures are the highest in these areas. In the international 

departure area, the neutral temperature was 25.9 °C, but it was 25.5 °C in the domestic 

departure lounge (the clothing insulation value was higher in the domestic departure area). The 

lowest neutral temperature (24.6 °C) was in the international arrival area where passengers were 

getting off air-conditioned planes. 	
 

Table 5. 5 Average activity levels at different spaces within the building	

Mean A/L Check-in D/A D/D I/D I/A 

Activity level 

(w/m) 112 132 135 75 74 132 

Clothing 

insulation (clo) 0.68 0.66 0.73 0.74 0.65 0.63 

Neutral 

temperature 25.27 25.02 24.84 25.49 25.89 24.61 
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5.7.1 Associated Activity Level 

Subjects were asked to provide information on the type of activities they had engaged in 

during the 15 minutes before the survey. Activity levels ranged between 65 !/!! for a seated 

person to 200 !/!! for a person carrying baggage. As the table above shows, activity levels 

vary from one location to another. People from all three groups had similar activity levels. 

Figures 5.12 and 5.13 show that there is often a difference in the activity level of men and 

women. Men often have higher activity levels in the departure areas because they are more 

likely to be carrying or pushing luggage. In the check-in area, the average level of activity for 

women was 101!!, and the average level for men was 112!!. The vast majority of women in 

groups A and B traveled with family, and social custom is for the men to perform most of the 

physical tasks. Figure 5.12 shows the fluctuation in activity levels for both genders in the 

different zones. 

 

 
 

Figure 5. 5 Variation in average activity levels between women and men in different spaces within the south 

terminal.	
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Figure 5. 6 Distribution of activity level values associated with women and men  in various locations within 

the south terminal.	
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darra, hijab, bra, pants and sandals for women, and a t-shirt with 1/3 sleeves, short serwal, long 

serwal, thobe, kuffiya, white ghutra, eqal and sandals for men (see Tables 3.3 through 3.6 and 

figure 3.6 in Chapter 3). 
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Figure 5. 7 Variation in clothing insulation values between women and men at different spaces within the south 

terminal.	

 

 
Figure 5. 8 Clothing insulation types for women and men at different spaces within the south terminal	
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and C had an average CIV of 0.77 clo, 0.78 clo and 0.66 clo respectively.  The CIV values for 

the men were 0.69 clo, 0.65 clo and 0.58 clo respectively.																																																																																									

 

Figure 5.16 shows that clothing insulation values are almost uniform and the fluctuations 

are small (0.5 - 0.8 !"#) for women. The variation in clothing insulation value for men was a bit 

higher (a range of 0.35- 0.8 !"#). There is little variation in the values for women because all of 

the women in Groups A and B wear the same kind of garments with the exception of slight 

differences in headscarves. 	

 

 

 
Figure 5. 9 Distribution of clothing insulation values associated with women and men in various locations 

within the south terminal	
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5.7.3.  Thermal Comfort Expectation 

Subjects were asked to answer the following question regarding thermal expectation 

during the survey:  

 

Did you expect the indoor temperature to be: Warmer? Similar? Cooler?  

 

33.3% of participants expected the indoor condition to be “warmer”, 52.2% voted 

“similar”, and 14.3% of them expected the indoor condition to be “cooler”. People’s 

expectation of thermal comfort is usually a function of their short and long-term experience. 

According to [Raja, 2001;Parsons, 2003; Abbaszadeh, 2006], the experience and thermal 

history, including place of origin, have a significant impact on an individual’s perception and 

expectation of what is comfortable. 

 

Figure 5.17 demonstrates that people from different places have different thermal 

expectations. The highest number of subjects said the temperature was “similar” to what they 

expected when the indoor temperature was 26 °C. From Table 5.3, the comfort temperature 

was found to be 25.55 °C at which most of the subjects felt comfortable, which is only 0.45 °C 

less than the 26 °C at which they responded with “similar”. The fact that many passengers 

expected the temperature to be higher (26 °C) than where they felt comfortable (25.55 °C) led 

to the conclusion that people in Groups A and B have comparatively low thermal expectations. 

These expectations also explain why people in Groups A and B have a higher thermal 

tolerance and reported being comfortable at relatively high temperatures. Their experience 

(living in a very hot climate) doesn’t lead to them expecting temperatures of (20-22 °C) as 

recommended by the international standards, so their concept of “comfortable” is significantly 

different than the subjects who participated in the international studies.  
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Figure 5. 10 Thermal comfort expectation of various groups using the building	

 

5.8.  Conclusion: 

Since pilot studies are a crucial element of a good study design. In our case, it 

showed that there was sufficient evidence that the occupants of this climatic region felt 

thermally comfortable at much higher temperature range than those proposed by 

conventional standards of comfort. Thus, more detailed measurements were performed 

during the main studies, including Class I and II. The variables of different zones within the 

building were measured and monitored for 24 hours (every 15 minutes) and associated with 

subjective measurements and outdoor temperature. As a result, we were able to obtain the 

most accurate fitted equations for both: (a) thermal comfort (when the comfort sensation 

scale plotted against the indoor operative temperatures), and (b) adaptive thermal comfort 

(when the person's sensations at 0 “comfortable” plotted against the outdoor temperatures. In 

the next chapter, which focuses on developing a set of thermal comfort models, this 

advantage has been exploited to develop thermal models that have the potential to determine 

occupant’s preferences and interactions toward internal and external condition changes. 	
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Chapter Six 

6  Building the Comfort Model 
	

In this chapter, mathematical comfort models are developed as a result of analyzing data 

collected during the field study in 2013.  Following the statistical analysis, the most 

appropriate indoor comfort temperatures based on thermal comfort votes (TS) of subjects and 

outdoor temperatures were derived. Other variables associated with thermal comfort 

temperature, such as (clothing insulation value, activity level, operative temperature, air 

velocity, and relative humidity), were determined and assessed (utilizing the process elucidated 

in 4.7.4). These models were constructed using simple linear regression and verified using 

statistical analysis. However, a comprehensive comfort model and TCTP were also derived for 

all subjects as well as other models that were designed specifically for each group (A, B, C, 

and male/female) according to their country of origin and gender, based on the data collected 

from 2012 and 2013 as appropriate.	
 

6.1 Determining the Thermal Comfort Temperature Point (TCTP) and Associated 
variables Values 

 
 This study utilized seven main variables: 	

1. Indoor air temperature (°C); 

2. Outdoor air temperature (°C); 

3. Thermal comfort sensation scale (7-Point of Bedford); 

4. Clothing insulation value (Clo); 

5. Activity level (W/m2); 

6. Air velocity (m/s); 

7. Relative humidity (%). 

 In this section, the TCTP and the corresponding variables were measured in order to 

analyze the relationship between the variables and the TCTP.	
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This study calculated six different TCTP’s, including males, females, one for each of 

the three different groups, and one for all passengers together. 

 

6.1.1 Linear Regression Analysis (Indoor Operative Temperature Versus TS) 

In order to provide a general overview before finding the TCTP, the descriptive 

statistics are shown in Table 6.1. The statistical data shown in this table shows the 

relationship between indoor temperature and TCSS (based on data collected during 2013).  

From Table 6.1, the TCTP is approximately 25 °C. Figure 6.1 shows the exact point 

at which the comfort indoor operative temperature is equal to TCTP. 

Using simple linear regression by plotting indoor operative temperature against 

thermal comfort sensation scale in the form of (eq. 4.1), the following linear equation in (6.1) 

is derived: 

 

!" = 0.413!!"– 10.2                                                                                              Eq. 6.1 

!! = 0.5 

 

Table 6. 1 TS descriptive statistics with indoor temperature 

TS -3 -2 -1 0 1 2 3 

Max 22.7 24.2 25.7 28.8 29.0 30.1 29.1 

Min 22.2 21.5 21.9 22.0 23.0 24.0 27.0 

Range 0.5 2.7 3.8 6.8 6.0 6.1 2.1 

Average 22.33 22.7 23.4 25.14 26.94 27.57 28.66 
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Figure 6. 1 Regression of thermal sensation with indoor operative temperature, showing the actual sensation 

line and the comfort temperature 

	

By substituting 0 for TS that represents the comfort condition, the indoor operative 

temperature at which occupants felt thermally comfortable can be calculated. Hence, the 

value of 24.96 °C was derived. Also, associating temperature with each point of the comfort 

sensation scale can also be obtained by substituting their values for TS. It is presumed that 

occupants voting comfortable (TS = -1 - +1) accepted the environment [Indraganti, 2010]. 

Accordingly, the comfort band 22.5- 27.4  °C, coinciding with -1 and +1 sensation vote have 

been obtained using the above regression equation (see Table 6.2). For every feeling unit, it 

was observed that there was an increase in comfort temperature by an average of 

approximately 2.5 °C.  

To comply with categories I, II and III comfort temperature boundaries ±0.2, ±0.5 and 

±0.7, respectively provided by the EN15251, the recommended comfort temperature ranges 

are narrowed to 24.4- 25.37 °C, 23.6- 26.1 °C, and 23.19- 26.58 °C respectively. The 

appropriate limit can be picked depending on building type and condition (see Table 6.3).  
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Table 6. 2 Each temperature point associated with the thermal sensation scale (TS) 

TS 3 2 1 0 -1 -2 -3 

Associated Temp. (°C) 32.22 29.8 27.38 24.89 22.54 20.12 17.7 

	
 

Table 6. 3 Various comfort temperature boundaries I, II and III recommended by EN15251 using equation  

Class TS !!"#$(°C) 

 

III 

-0.7 23.27 

-0.6 23.51 

 

II 

-0.5 23.75 

-0.4 24 

-0.3 24.23 

 

 

I 

-0.2 24.48 

-0.1 24.72 

0 24.89 

0.1 25.2 

0.2 25.44 

 

II 

0.3 25.68 

0.4 25.93 

0.5 26.17 

III 0.6 26.41 

0.7 26.65 
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6.1.1.1 Thermal Comfort Model Verification 

Equation 6.1 was verified by comparing collected indoor operative temperatures with 

those predicted using the above-mentioned equation. The standard deviation that resulted 

from the difference between the predicted and the measured was calculated (see table 6.4).   

 
Table 6. 4 Summary of descriptive statistics for collected and estimated indoor temperatures with the difference 

associated to each statistics parameter 

  
Collected indoor operative 

temperature (°C) 

Predicted comfort indoor 

operative temperature using 

!" = 0.413 !!" − 10. 
Difference 

Average 25.60 25.27 0.33 

Sum 16,128.80 15,923.37 205.43 

Count 628 628 0.00 

Variance 3.59 1.19 2.39 

S.D. 1.89 1.09 0.8 
 

 

Table 6.4 shows that the estimates were accurate and the comfort model is a good 

predictor of the temperature at which people describe their sensation on the thermal comfort 

sensation scale (7-point), since the standard deviation was 0.80. 

6.1.2 Linear Regression Analysis (Indoor Comfort Temp. Versus Outdoor) 

The importance of evaluating this correlation was interpreted previously in, section 

4.7.4.2. An adaptive thermal comfort model is the expected outcome from this correlation in 

the form of that shown in equ. 4.3. This equation derives comfort temperature, depending on 

the outdoor temperature. To find out and confirm the optimal estimated point of indoor and 

outdoor temperature, the zero TS votes were isolated and then fitted by using simple linear 

regression as Figure 6.2 illustrates.  

Figure 6.2 illustrates the linear relationship between the two variables and shows that 

the indoor comfort temperature changes with respect to outdoor air temperature.  

Plotting the indoor temperature at which the occupants felt comfortable against the 

outdoor temperature will provide the most appropriate equation for this study since the aim 
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was to find the right combination of thermal comfort variables in which most of the 

occupants voted comfortable (the votes of people who were not comfortable excluded).  

 

 

	
Figure 6. 2 Indoor comfort temperature versus the outdoor at TS= 0 

	
The equation based on Figure 6.2. 

 
!!"#$ = 0.!!"# + 1.7                                                                                                Eq. 6.2 

! = 0.24 

 

Figure 6.2 is a modified representation, with 20 respondents eliminated where outdoor 

temperature exceeded 45 °C. These outdoor temperatures have limited value because the 

actual temperature rarely exceeded 45 °C according to local weather station data (see figure 

1.1). 

The comfort temperature range for this period can also be calculated using Equation 

6.2 (the adaptive model) and substituting !!"#  and !!"#  with maximum and minimum 

outdoor measured temperatures when the occupants voted thermally comfortable, as follows: 
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!!"# = 0.26 (!!"#) + 15.87= 23.67 °C                                                                               Eq. 6.3 

!!"# = 0.26 (!!"#) + 15.87= 27.57 °C                                                                              Eq. 6.4 

 

This calculation suggests a range of comfort temperature depending on the outdoor air 

temperature of ≈ 23.5-27.5 °C. 
	

6.1.2.1 Determining the Running Mean Temperature 

The exponentially weighted mean outside temperature was obtained using Equation 4.7 

already used in the exploratory study. The running mean temperature was calculated for the 

previous seven days of both studies. Values required to support calculations were entered 

into table 6.5 including mean daily temperatures, the number of days (n), and weighted 

running average outdoor temperature. Moreover, weighted running mean temperature values 

resulted from table 4.16 were also used. 	

Weighted running mean temperature for the survey day were based on CEN Standard 

EN152521 approximate calculation method that provides a fixed value for α, which is α= 

0.8. As a result of this calculation, the weighted running mean temperature for this particular 

day was found to be 30.8°C. This weighted value is appropriate since ASHRAE 55 suggests 

that !!" should not exceed the value of 33.5. Using formula 6.2 (adaptive), indoor comfort 

temperature based on the value of the running mean of the outdoor temperature can be easily 

predicted as shown below. 

!!"#$ = 23.87 °C. 

, and !!""#$% = 0.26 !!" + 15.87 ± !!"#                                                                   Eq. 6.5 

where !!"# (80%)= ± 3.5 K ≈ 21- 28 °C, and !!"# (90%)= 2.5 K ≈ 22- 27 °C.  

 

Applying the -/+2.5 K (90%) and -/+3.5 K (80%) criteria to the regression model of 

thermal sensation as a function of indoor temperature, recommended by (ASHRAE 55, ISO 
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7730, EN15251 and CIBSE Guide B) and the PMV index (a predictor of thermal comfort) 

suggest that obtaining a minimum of 80% satisfaction is sufficient. Table 6.6 shows the 

acceptable comfort zones decided by 80-90% of surveyed people. Even though this comfort 

zone is much higher than the temperature recommended by international standards, it would 

still be acceptable for 80 to 90% of the people. The difference in the two-comfort zones 

shows how climate, culture, and experience can affect what people considered comfortable. 

These findings have significant implications for the way buildings are designed, how HVAC 

systems are chosen, and the types of thermal control strategies that are used. 

 

Table 6. 5 Calculating running mean temperatures for the previous seven day before the survey using CEN 

Standard EN15251 method.	

 

 

 

May	
 

 

 

Day (n)	 Daily	mean	temp.	
(°C)	

Weighted	running	mean	
temp.	(°C)	

25th	 32.4	  

26th	 30.4	
27th	 31.5	
28th	 31.1	
29th	 33.2	
30th	 31.3	
31st	 34	

 

Jun	
1st	 33.1	 30.8	
2nd	 34.4	  

3rd	 36.4	  

4th	 36.6	  

 

Conventional standards (ASHRAE 55, ISO 7730, EN15251 and CIBSE Guide B) and 

the PMV index (a predictor of thermal comfort) state that 5% of occupants will always be 

dissatisfied with any indoor environment. These standards suggest that obtaining a minimum 

of 80% satisfaction is sufficient.	
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Table 6. 6 Thermal comfort ranges for 90% and 80 acceptability based on equations 6.2 and 6.5 

Acceptability level K Comfort range 

80% Acceptability Criterion  ±3.5 21- 28 °C 

90%Acceptability Criterion  ±2.5 22- 27 °C 

 

 

Figure 6.3 illustrates the boundaries of the comfort zone as suggested by the EN15251 

for an existing building. This range can be tightened, as needed depending on the nature of 

the building and expectations of the occupant.  

	

Figure 6. 3 Proposed adaptive comfort model range of 80% and 90% acceptability for the building using Eq. 

6.2 and 6.5. 

	
6.1.2.2 Model Verification 
 

When we compare the estimated indoor temperature !  and the collected indoor 

temperature ! , the margin of error is ! = ! − !, so this study also considers and uses the 

following descriptive statistics: 

 

15 

17 

19 

21 

23 

25 

27 

29 

31 

33 

25 27 29 31 33 35 37 39 

In
do

or
 c

om
fo

rt
 te

m
pe

ra
tu

re
 (C

) 

Mean outdoor air temperature (C) 

Linear (90% 
acceptability) 

Linear (80% 
acceptability) 



 
 

Building the Comfort Model 

 159 

! = ! − !                                                                                                                           Eq. 6.6 

 
Table 6. 7 Summary of descriptive statistics for collected and estimated indoor temperatures with the difference 

associated with each variable 

 

Collected indoor 

Temperature (y) 

Estimated indoor 

Temperature (ŷ) 
Difference  

 ! − ! 

Average  25.60 25.77 0.17 
Sum 16,128.80 16,209.95 81.16 
Count 628 629 1.00 
Variance 3.59 1.124 2.47 
S.D. 1.89 1.06 0.83 
	
 

The model is verified by calculating the error that resulted from the difference 

between the estimated indoor temperature !  and the collected indoor temperature ! . The 

estimated indoor temperature !  has the above descriptive statistics (table 6.7). This table 

illustrates that the final fit of the model is a good estimator because the standard deviation is 

only 0.83. 

 

6.1.3 Prediction of Comfort Temperature using Griffith’s Method 

Indoor comfort temperature was calculated using equation 4.9, known as Griffith’s 

equation. Regression coefficients for this equation were also assumed to be 0.25, 0.33, and 

0.5. Table 6.8 shows the average operative comfort temperatures predicted by Griffith’s 

method for all measured indoor operative temperatures.   

For further investigations, the comfort indoor operative temperatures predicted using a 

coefficient of 0.5 are more reliable since its standard deviation is the smallest due to stability.  

TCTP is calculated when the value of TS is zero. For the sake of confirming the 

findings and goodness of the study estimation, values of TS at zero from table 6.1, equation 

6.1, equ. 6.2, and results from Griffith’s method.  !!"# in equ. 6.2 substituting with	weighted	
running	mean	temperature	found	in	table	6.5=	30.8	°C. Table 6.9 shows adequate results 

of estimation since the difference between any estimation and the average is always less than 
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0.5 °C. As result of table 6.9, the average optimal estimated value of indoor is approximately 

25 °C.	
 

Table 6. 8 Average operative comfort temperature predicted by Griffith’s method, where RC: 

Regression coefficient; S.D. Standard Deviation 

 

 

 

 

 

 

 

 
Table 6. 9 Different comfort temperature from various methods and resulted average 

Source	 Table 6.1	 Eq. 6.1	 Eq.6.2	 G=0.5	 G=0.33	 G=0.25	 Avg.	
!!"#$	 25.14	 24.96	 23.87	 24.97	 24.68	 24.40	 24.67	

 

 

6.2 Associated Clothing Insulation Value with TS 

Table 6.10 illustrates the average clothing insulation value that corresponds to each 

TS. From this table, average values of clothing insulation were ranging between 0.6- 0.8. 

This range is comparatively high when compared with standard summer garment worn 

globally and ranged between 0.3- 0.7 (see table 4.6). Thus, the CIV associated with TS is 

indicative of a typical person in Saudi Arabia.      

 RC 

 G= 0.5 G= 0.33 G= 0.25 

Average 24.97 24.68 24.40 

Sum 15736.9 15550.41 15374.9 

Count 628 628 628 

Variance 2.16 4.97 9.94 

S.D. 1.47 2.23 3.15 
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Table 6. 10 Clothing insulation average for each TCSS. 

TS	 -3	 -2	 -1	 0	 1	 2	 3	

Average CIV  (Clo)	 0.8	 0.7	 0.7	 0.7	 0.7	 0.6	 0.7	

 

 

6.3  Associated Activity Level with TCTP 

The activity level of most passengers change from one area to another within the 

KAIA’s south terminal. For example, a passenger at the check-in area had a higher activity 

level compared to a passenger in other spaces within the PTB due to associated activity type. 

Table 6.11 shows the average activity level for each TS. The average  activity level when 

occupants voted ‘comfortable’=0 was 102.6 W/!!. If the comfort band is assumed to be 

between -1 and +1, then the optimum average activity level is 103.7 W/!!. 

 

Table 6. 11 Activity level average value for each TCSS. 

TS	 -3	 -2	 -1	 0	 1	 2	 3	

Activity Level (K/!!)	 75.7	 95.8	 97.1	 102.6	 111.6	 127.6	 150.0	

	
 

Unlike the correlation between TS and CIV, the activity level of passengers fluctuates 

more and has a greater effect on the overall TS of passengers. In many studies, it is a 

difference in CIV that explains the variance in thermal comfort amongst people in the same 

environment. Knowing that Clo is one of the most important adaptive mechanisms and is, as 

it would seem, not utilized, or in the case of women, not available as a means of adapting to 

uncomfortable conditions. Most had an insulation level 0.7 clo (CIV of Saudi traditional 

garments) regardless of their comfort votes.  
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6.4 Comparing the Comfort Vote (TS) of Subjects with PMV and PPD 
	

According to ISO 7730, the PMV index was created based on tightly controlled and 

static conditions. It should only be used for values of PMV between -2 and +2, and when the 

primary six variables are within the following values. The following comparison of PMV and 

PPD with the collected data was made using ASHRAE's comfort calculator [Fountain, 1995]. 

Based on the data collected , the average value of the comfort variables are presented in 

Table 6.12. The relative humidity, air velocity, activity level and clothing insulation were 

assumed to be static (50%, 0.11 m/s, 107 w/m and 0.68 respectively), whereas the indoor and 

outdoor temperatures were the variables. 

 

Table 6. 12 Descriptive statistics for physical and personal variables that were collected during both surveys 	

 RH AV Tg Activity (K/!!)  Cloths (Clo) 
Count 928 928 928 928 928 
Min 0.40 0.05 22 65 0.35 
Max 0.58 0.33 29 200 0.85 
Mean 0.50 0.11 26 107 0.68 
Mode 0.50 0.10 24 65 0.80 
St. 
Dev. 0.03 0.03 2 43 0.14 

 

Table 6.13 illustrates the real values of the PMV against different temperatures using 

equation 2.15 in chapter 2. It predicts the mean value of thermal votes of occupants exposed 

to a similar environment. 

	
Table 6. 13 Predicted mean vote (PMV) values against various indoor temperature when RH, AV, AL and CIV 

are 50%, 0.11 m/s, 107 w/m and 0.68 respectively 

Indoor T  22 23 24 25 26 27 28 29 

PMV 0.5 0.7 0.8 1 1.2 1.4 1.6 1.8 

 

 PPD can be calculated using equ. 2.16 in chapter 2 with respect of PMV values. The 

PPD values for each temperature are presented in the table 6.14. 
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Table 6. 14 Percentage of persons dissatisfied (PPD) values against various indoor temperature when RH, AV, 

AL and CIV are 50%, 0.11 m/s, 107 w/m and 0.68 respectively 

Indoor T  22 23 24 25 26 27 28 29 

PPD 10.2 15.3 18.5 26.1 35.2 45.5 56.3 67 
 

The PPD gives an overview of the percentage of occupants who were thermally 

dissatisfied (voted hot, warm, cool and cold) on the ASHRAE scale. 

According to PMV and PPD calculations with assumed physical and personal variables, 

comfortable temperatures range between 16- 22 °C if Class II comfort is applied (see Table 

2.6 chapter 2). Based on the three classes of comfort standards in EN15251, the PMV should 

range within PMV +/- 0.7. 

Against indoor operative temperature, the PMV was regressed as shown in figure 6.4. 

For investigated subjects and under these environmental and personal circumstances, the 

PMV was higher than the actual TS.  

	
Figure 6. 4 Regression of thermal sensation and PMV with the indoor operative temperature 

 

Class III is the most appropriate since the terminal is an existing building and its 

occupants appeared to have moderate or low levels of expectation. Therefore, if a PPD of 

PMV: y = 0.1822x - 3.4989 TS: y = 0.4129x - 10.276 
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15% is the goal, the only two temperatures that comply with this classification are 22 °C and 

23 °C. Only 20% and 28% of occupants respectively reported to be comfortable at these 

temperatures. In comparison, the optimum comfort range based on the comfort votes (TS) of 

the occupants had a range of 25 °C +/- 2K (23 °C to 27 °C).  

Also, the scale of sensation suggested by ISO 9920 starts with a minimum value of -3 

(when an occupant feels too cold) and goes up to a value of 3 (when the passenger feels too 

hot). For the sake of this study, the TCTP zone was premised on passengers who answered -1, 

0, and +1. Table 6.3 shows the cutoff where TS is divided into 0.1 increments instead of 1 and 

its corresponding indoor temperature using Equation 6.1. The comfort range when the PPD is 

15% is between -0.7= 23.27 °C and 0.7= to 26.65 °C. 

The comfort temperatures are predicted by calculating the PPD for each indoor 

temperature and comparing it with the comfort votes of the subjects. At 25 °C (where most 

people felt comfortable), the PPD was 26%, which means a high proportion of the subjects 

should have been uncomfortably warm. At 22 °C, where 100% of the subjects voted 

uncomfortably cool, the PPD suggested that only 10% of occupants would be uncomfortable.  

 

6.5  Comparing with Other Thermal Comfort Studies 

6.5.1  When Indoor Operative Temperature Plotted Against TS 

 The study’s regression line and TCTP , to some extent, matches those generated from 

other studies conducted under similar circumstances [Nicol et al., 1999]. Nicol’s Pakistan 

study [Nicol, 1996], Karyono’s Jakarta study [Karyono, 2000], Indraganti’s Japan study 

[Indraganti, 2013], Indraganti’s Chennai study [Indraganti, 2013] and Rijal Japan’s study 

[Rijal, 2011] returning a comfort temperature of 25.45 °C, 26.13 °C, 25.6 °C, 26.7 °C and 

25.9 °C, respectively are the nearest comfort temperatures from the one generated from this 

study giving comfort temperature of ≈25 °C. 

 The regression line from figure 6.1 shows how swiftly occupants responsed toward 

coolth and warmth, as temperature deviated from the comfort zone. For those studies that 

have obtained a regression line slope much smaller, such as (Indraganti’s Japan study, Rijal’s 

Japan study, and Indraganti’s Chennai study), and conducted in air-conditioned buildings, 

results were as small as 0.09, 0.11 and 0.02 respectively. This indicates people surveyed in 

these studies were tolerant of a wider range of temperatures. For example, the comfort 
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temperature band found in this study is 23-27 °C, whereas the last study mentioned above 

was 19.8-34 °C.  

The dataset for these studies was collected through long-term investigations and a 

wider range of temperatures whereas this study was conducted in a relatively hotter climate. 

Another important factor known to play an important role is that surveyed subjects did not 

have any access to climate control or windows or door openings. The only adaptation method 

recorded during the study was psychological through increasing activity level, moving from 

one spot to another and changing clothes (see figure 4.15)     

 
Table 6. 15 The regression relationship between thermal sensation and indoor temperature in different studies 

Research & Location Regression equation !! !!"#$ ( ̊C) 

Nicol, Pakistan, 1999 ! = 0.154! − 0.09, On a 1-7 scale 0.54 25.45 

Karyono, Jakarta,2000 
! = 0.32! − 8.43 

0.37 26.13 

Rijal et al., Nepal,2002 ! = 0.058! − 1.27 0.19 21.9 

Indraganti, India, 2010 ! = 0.310! − 9.06 0.42 29.23 

Indraganti, Japan, 2013 ! = 0.31! − 7.949 (!") 

! = 0.299! − 8.109 (!") 

0.13 

0.09 

25.6 

27.1 

Indraganti, Chennai, 2013 
!"##$%: ! = 0.141! − 3.801 (!") 

!"##$%: ! = 0.326! − 8.489 (!") 
0.02 

0.30 

26.7 

27.6 

Rijal, Japan, 2014 ! = 0.134! − 0.523 (!") 

! = 0.189! − 0.809 (!") 

011 

0.14 

25.9 

25.4 

Current ! = 0.41! − 10.32 0.57 25 

y: is the dependent variable and represents the thermal sensation scale; x: is the independent variable and 

represents the indoor globe temperature (̊C); !!: is the coefficient of determination; !!"#$: is the indoor 

comfort temperature (̊C)  
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6.5.2 Indoor Globe Temperature against Outdoor Temperature 

Nicol and Humphreys suggested that models developed for NV buildings could be used 

to predict comfort levels in an air-conditioned building since none of the studies proved the 

contrary [Nicol and Humphreys, 2012]. Hence, models of both NV and HVAC buildings are 

utilized for this comparison. 

 
Table 6. 16 List of well-known adaptive models developed for natural ventilated and air-conditioned buildings 

in several locations 

Model 
NV/ 

HVAC 
Comfort 

temperature 
Lower 

limit (-2k) 
Upper limit 

(+2k) 
EN15251 

! = 0.33 ! +  18.8 
NV/ 

HVAC 28.96 27 31 
Humphreys, 1975 

! = 0.83 ! +  2.56 HVAC 28.12 26 30 
Auliciems, 1981(ASHRAE 55) 

 y =  0.31 (x)  +  17.6   
NV/ 

HVAC 27.14 25 29 
Griffiths, 1990  

y =  0.534 (x)  +  12.1   NV 28.54 26.5 30.5 
Nicol and Roaf, 1996 

 y =  0.38 (x)  +  17 NV 28.7 26.7 30.7 
de Dear et al., 1997 

 y =  0.31 (x)  +  17.8 
NV/ 

HVAC 27.34 25.34 29.34 
Nicol and McCartney, 2001 

   y =  0.09 x +  22.6 HVAC 25.37 23.37 27.637 
Nicol and Humphereys, 2007 

 y =  0.09 (x)  +  22.6    HVAC 25.37 23.37 27.37 
Humphreys, 2010 

 y =  0.53 (x)  +  13.8 NV 30.12 28 32 
Toe and Kubota for hot-
humid, 2013 

 y =  0.57 (x)  +  13.8 
NV 31.35 29.35 33.35 

Indraganti,	2017,	Qatar	

! = 0.049 ! + 22.5 
HVAC 24 22 26 

Current model 
! = 0.26 ! +  15.87 HVAC 24 22 26 

y: is the dependent variable and represents the indoor comfort temperature; x: is the independent variable and 
represents the outdoor running mean temperature (̊C);NV: building that is naturally ventalitated; HVAC: 
building that is  
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 Table 6.16 compares the current model with existing well-known adaptive models. 

The x value in all models was given an outdoor temperature of 30.8 C since that is the 

exponentional running mean found during the field survey (see Table 6.5). Most of the listed 

adaptive models were developed in cooler climates (monthly outdoor air temperature of less 

than 30 °C. Auliciems’ model that used by ASHRAE 55, among models that are suitable for a 

maximum of 33.5 °C mean outdoor air temperature. This model, however, suggests a comfort 

temperature band of (26-30 °C), which is 3 °C  more than the one proposed by this study.  

Table 6.16 shows that the comfort ranges produced by most of the existing adaptive 

comfort models are incompatible with the collected data and the current model. Most of the 

comfort zones produced by the models resulted in temperatures that were described by 

passengers as “warm.” The only two that seem to have similar comfort zones are Nicol’s and 

Indraganti’s models. Nicol’s model was developed as a part of a SCATs project for NV and 

HVAC buildings located in different European countries like France, Greece, Portugal, 

Sweden and the UK where the outdoor temperature is warm/moderate/cool and where the 

suggested running mean outdoor air temperature is less than 30 ᵒC. Given that is surprising 

that Nicol’s model seems to be a good estimator for the comfort temperature at higher 

temperatures that are common at the KAIA terminal than it assumed (see figure 6.6).  Both 

models were developed for air-conditioned buildings and had a relatively small coefficient of 

multiple determination (!!). Thus, their response to the outdoor temperature as a dependent 

variable is smaller than the one suggested by ASHRAE 55 (naturally conditioned). 

 

Indraganti’s model is the most recent and relevant model to the current. It was 

developed based on a field study, conducted in ten mechanically cooled offices buildings in 

Qatar. The mean Griffiths comfort temperature was found to be 24 °C representing the whole 

year. The prevailing outdoor temperature for the same period was 30.7 °C. Similar to the 

Nicol’s model, there is limited interaction with the changing outdoor temperature. As shown 

in figure 6.6 there is only one indoor comfort temperature for the whole range of the outdoor 

(28-40 °C). 



 
 

Building the Comfort Model 

 168 

	
Figure 6. 5 Thermal comfort ranges according to ASHRAE’s 55 model and the current model with changing 

outdoor temperature. 

	
Figure 6. 6 Thermal comfort ranges according to Nicol’s , Indraganti’s models and the current model with 

changing outdoor temperature ,. 
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6.6  Building an Individual Comfort Model for Each Group  

As mentioned in Chapter three, the passengers were classified into three different 

groups according to their country of origin. The evidence suggested that people from 

different climatic regions have different expectations regarding thermal comfort and 

therefore have different reactions toward similar environments, as expected. The passengers 

have also been divided by gender. Men and women typically engage in different levels of 

activity and wear clothing that have different insulation factors; hence, they were assumed to 

have different thermal sensations.  

In the following sections, a representative model is presented for each group (in 

addition to the TNTP). The models will be compared to each other in order to test the extent 

of their suitability to be used individually.   

 

6.6.1 Linear Regression Analysis (Indoor Operative Temperature vs TS) for Female 

Passengers (FP) 

Table (6.17) describes the basic statistical analysis to give a general overview about 

TS when subjects rated their thermal sensations on the scale. The table also illustrates 

generally the correlation between indoor operative temperatures and TS’s collected from the 

survey. The TCTP for this particular group (female passengers) is approximately 25 °C.  

 

Table 6. 17 TCSS descriptive statistics with indoor temperature for FP using the building 

TCSS -3 -2 -1 0 1 2 3 

Max 22.70 24.20 25.00 28.80 29.00 29.40 29.00 

Min 22.20 21.70 21.90 22.00 24.00 25.50 28.00 

Range 0.50 2.50 3.10 6.80 5.00 3.90 1.00 

Average 22.37 22.62 23.26 25.35 26.79 27.61 28.76 

 

Figure 6.7 shows the exact point at which most female passengers voted 

‘comfortable’= 0. This was calculated using simple linear regression by plotting indoor 
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operative temperature against thermal comfort sensation scale in the form of (eq. 4.1), the 

following linear equation in (6.6) is derived:  

 

!" = 0.42 !!" − 10.58                                                                                    Eq. 6.7 

!! = 0.57 

 

By substituting 0 for TS, representing the comfort condition, the indoor operative 

temperature at which female occupants felt thermally comfortable was calculated. Hence, the 

value of 25 °C was derived. 

 

	
Figure 6. 7 Indoor operative temperature against TS collected for female population 

 

!" = 0.42 !!" − 10.58 

!! = 0.57 
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6.6.2 Linear Regression Analysis (Indoor Operative Temperature vs TS) for the Male 

Passengers (MP) 

From table 6.18 it can be deduced that the TCTP for male passengers was similar to 

the one found for women, equal to 25 °C. To confirm this finding,  siple linear regression 

was used by plotting indoor operative temperature against thermal comfort sensation scale as 

shown in figure 6.8.	

	

Table 6. 18 TS descriptive statistics with indoor temperature for MP using the building 

TS -3 -2 -1 0 1 2 3 

Max 22.40 24.00 25.70 28.60 29.00 30.10 29.10 

Min 22.30 21.50 22.00 22.00 23.00 24.00 27.00 

Range 0.10 2.50 3.70 6.60 6.00 6.10 2.10 

Average 22.37 22.80 23.54 25.23 26.75 27.40 28.49 

 

Figure 6.8 shows the exact point at which the neutral indoor temperature is equal to 

TCTP for men using the building. 

 

Using simple linear regression, the following linear equation is derived: 

 

!" = 0.4 !!" − 10.1                                                                                          Eq.6.8 

!! = 0.51 

 

By substituting 0 for TS, that represents the comfort condition, the indoor operative 

temperature at which male occupants felt thermally comfortable can be calculated. Hence, 

the value of 24.8 °C was derived. 
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Figure 6. 8 TS versus indoor operative temperature for male population 

 

6.6.3  Testing the Feasibility of Using the Female Male Comfort Models Separately 

In order to test the feasibility of using the thermal comfort models that found for men 

and women separately, the indoor operative comfort temperature must be predicted using 

Equations F Model and M Model. Different thermal sensation points are inserted for the 

value of TS. These two models were applied to the 928 samples representing all collected 

votes. The next table shows a descriptive analysis for the predicted indoor comfort operative 

temperature using the models mentioned above.  

 

Table 6. 19 Summary of descriptive statistics for estimated indoor comfort temperatures using F Model and M 

Model and associated difference. 

 

Estimated comfort 
temperature using F Model 

Estimated comfort 
temperature using M Model Difference 

Avg. 25.61 25.55 0.06 
Sum 23,772.62 23,711.15 61.47 

Count 928 928 0.00 
Variance 6.79 7.40 0.61 

S.D. 2.60 2.72 0.11 
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From table 6.19, predicted indoor comfort temperature using male and female models 

can be considered equal. This finding was due to the very small differences resulted from 

comparing averages, variances, and standard deviations of both models and they were 0.06, 

0.61, and 0.11 °C respectively. Consequently, we are confident that one model (either male 

or female) can be used to estimate indoor comfort temperature for both genders. Both models 

are good predictor of the temperature at which people will describe their sensation on the 

thermal comfort sensation scale (the 7-point). In conclusion, Equation 6.1 (main) is even 

better predictor to calculate the indoor comfort temperature for both genders since its values 

will be less when compared to any of them two mentioned models. 

Even though woman passengers had a higher clothing insulation than men (0.75 clo 

compared to 0.66 for men) and they engaged in lower activity levels (97 !/!! compared to 

105 !/!!for men), both genders reported similar thermal sensations.  

 

6.6.4 TCTP for Group A Population (GA) 

Figure 6.9 shows the exact point at which the comfort indoor temperature is equal to 

TCTP for Group A. 

Using simple linear regression, the following linear equation is derived: 

 

! = 0.45 !!" − 11.9                                                                                                     Eq. 6.9 

!! = 0.68 

 

where, ! is TS value and !!" is indoor operative temperature. Using Equation 6.9, 

TCTP is calculated by substituting 0 for ! value. As a result, !"!# = !".!! °! is found. 
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Figure 6. 9 TS versus indoor operative temperature for GA 

 

The comfort temperature point of this group is slightly greater than group B. As 

mentioned before, groups A and B are more comfortable at high temperatures. The average 

temperature at which they voted “cold” was 22.4 °C, which is only 1.5 °C lower than the 

comfort temperature for Group C. 

 
Table 6. 20 TS descriptive statistics with indoor temperature for GA using the building. 

TS -3 -2 -1 0 1 2 3 

Max 22.70 24.20 25.70 28.80 29.00 29 28.40 

Min 22.20 21.50 22.00 23.00 25.00 27.00 28.40 

Range 0.50 2.70 3.70 5.80 4.00 2.20 0.00 

Average 22.37 22.77 23.96 26.12 27.70 28.08 28.40 

 

6.6.5  TCTP for Group B Population (GB) 

Figure 6.10 shows the exact point at which the comfort indoor operative temperature 

is equal to TCTP for people in Group B.  

Using simple linear regression, the following linear equation is derived: 
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!" = 0.42 !!" − 10.6                                                                                      Eq. 6.10 

!! = 0.63 

where, !" is the comfort vote value and !!" is indoor operative temperature. Using Equation 

6.10, TCTP is calculated by substituting 0 for !" value. As a result,  !"!# = !".!"��°! is 

found. 

	
Figure 6. 10 TS versus indoor operative temperature for GB 

  

This group seems to have more thermal tolerance: they voted “cool” at almost the 

same average temperature (22.7 °C) as the previous group that voted “slightly cool”.  

Table 6. 21 TS descriptive statistics with indoor temperature for GB using the building, no votes were recorded 

on -3 

TS -2 -1 0 1 2 3 

Max 23.30 25.00 28.00 29.00 30.10 29.10 

Min 22.00 21.90 22.40 24.30 26.00 28.00 

Range 1.3 3.1 5.6 4.7 4.1 1.1 

Average 22.65 23.29 25.06 26.82 27.87 28.79 
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6.6.6 Thermal Comfort Temperature Point (TCTP) for Group C Population (GC) 

Figure 6.11 shows the exact point at which the comfort indoor temperature is equal to 

TCTP for the people in Group C.  

 

	
Figure 6. 11 TS versus indoor operative temperature for GC 

	
Using simple linear regression, the Equation 6.11 is derived: 

!" = 0.49 (!!")− 11.5                                                                                     Eq. 6.11 

!! = 0.67 

where, !" is comfort vote value and !!" is indoor operative temperature. Using Equation 

6.11, TCTP is calculated by substituting 0 for ! value. As a result, !"!# = !".!"°! was 

found. 
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neutral temperature, as “slightly cool”. Feeling “slightly cool” is probably because they are 

accustomed to low temperatures.   

 

Table 6. 22 TCSS descriptive statistics with indoor temperature for GC using the building (no one voted -2 or -

3) 

TS -1 0 1 2 3 

Max 25 26.7 28.2 29.4 29 

Min 22 22 23 24 27 

Range 3 4.7 5.2 5.4 2 

Average 22.99 23.94 25.2 26.84 28.32 

 

6.6.7  Testing the Feasibility of Using GA, GB and GC Comfort Models Separately 

In order to test thermal comfort models of !"#$%!, !"#$%!, and !"#$%!, the indoor 

comfort temperature must be predicted using Equations 6.9, 6.10 and 6.11 by substituting 

different comfort votes for the value of TS. These three models will be applied to the 928 

votes representing all subjects. The next table (6.22) shows predicted indoor comfort 

temperature using the above-mentioned models.  

  

 
Table 6. 23 A sample of estimated values of indoor temperatures using equations 6.9, 6.10 and 6.11. 

 

GA 
Model 

GB 
Model 

GC 
model 

Diff. between 
GA and GB 

Diff. between 
GA and GC 

Diff. between 
GB and GC 

Avg. 27.05 25.89 24.03 1.16 3.02 1.86 

Sum 25102.
67 

24023
.33 

22295
.92 1079.33 2806.75 1727.41 

Count 928 928 928 0.00 0.00 0.00 
Variance 6.03 6.92 5.09 0.89 0.94 1.84 

S.D. 2.46 2.63 2.26 0.18 0.20 0.38 
 

From table 6.23, predicted average indoor comfort temperatures using the three 

models seem differ especially between !"#$%!  and !"#$%!  from one side and between 

!"#$%! and !"#$%!  from the other side. The difference between the first two was quiet 
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small by 1.16 °C when compared to the second (3.02) the third (1.86 °C), so each model 

supposes to be used separately for having more appropriate (comfort) condition.  

 

6.7  Extension of Use 

In conclusion, it was assumed that each of these models would need to be used 

independently to insure each different group was provided with their exact need of thermal 

comfort. Given the gender differences in Saudi Arabia (traditional clothing, social and 

religious limitations on what activities each gender can perform in public), this study 

expected each gender to require its own model, but the results of the survey made that 

unnecessary. Consequently, the models are suitable for both genders. 

 

This study also created models for different groups of passengers based on their home 

country and climate. Each of these three models (!"#$%!", !"#$%!", and !"#$%!" ) 

produced a different optimal temperature. It is suggested that each model should be used in 

buildings (or zones within a building) that are used by one of the groups almost exclusively.  

 

 !"#$%!" Can be used to calculate the comfort temperature for buildings located in 

small towns with climates similar to KSA, where people spend a lot of time outdoors (more 

time of exposure), and/or or they wear similar traditional.  

 

 !"#$%!" Should be used for buildings in cities that are located in places with a 

climate similar to the KSA.  Thus, this model is recommended for public buildings located in 

modernized cities within the Gulf region (similar climate). Even if international standards are 

maintained in a building, !"#$%!" can be used in zones within a terminal building. In the 

KAIA terminal, it would be appropriate for areas like the D/A and D/D to use this Model 

because the vast majority of passengers in those areas are people in categories A & B. 

 
The next chapter will provide a detailed exploration of the impact that utilizing this 

model would have on energy consumption and occupants’ thermal comfort. The current 

temperature setpoint of 20 °! to 24 °! will be compared, using computer simulations, to the 

setpoint suggested by the model created in this study. The general expectation is that a 
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considerable amount of energy used for the air-conditioning will be saved without sacrificing 

the thermal satisfaction of passengers.	
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Chapter Seven 

7  Building A Virtual Model and Running Energy Simulations 

 

The goal of using energy modeling software was to build and evaluate a model of the 

KAIA south terminal using the EnergyPlus simulation engine with the DesignBuilder 

interface to determine potential energy savings by considering the derived comfort model 

in comparison to standard models.  The following were used as input for the development 

of the terminal model:  

x Occupant levels in the terminal.                                                                                                                            

x Hourly weather data for the KAIA terminal. 

x Activity levels and clothing insulation values. 

x Monthly measured values of the energy used for cooling, heating, and lighting for 

the whole year. 

x Dimensional information, material properties and system specifications. 

 

A group of commercial and well-known modeling interface software tools were 

reviewed and tried during this study, such as (Sketchup/OpenStodio, Ecotect/Autodesk, 

and DesignBuilder). These tools were used to build a three-dimensional model and 

afterward exported to EnergyPlus for simulation.  

 

EnergyPlus/Designbuilder was chosen for this study due to the following:  

1. Ease of use and support  

2. Extensive and editable library of typical building envelope constructions, 

lighting systems, HVAC systems, and occupancy levels and associated 

schedules.   

3. EnergyPlus is a dynamic building energy simulation engine. 

4. It is recommended and verified by well-known standards, i.e. BESTEST/ 

ASHARE 140. The BESTEST (Building Energy Simulation TEST, is a 

comparative set of tests which have become one of the industry’s most preferred 
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methods to validate and test the simulation capabilities), which evaluates 

different energy simulation programs. 

5. Final results are shown and analyzed in a comprehensive manner.  

 

7.1  Creating the Site Model 
The template for the location was created in DesignBuilder and defined the 

geographical location and weather data for all buildings on the site (see Figure 7.1). In this 

case, the weather data was collected on the same site as the building (see section 7.3.1).  

 

7.2  Building the Model 

The building dimensional drawings and building and system specifications were 

obtained from KAIA’s Engineering Department [Alhandasah, 2014]. The drawings 

provided information on the layout of the building, the number of stories, the 

typology of the spaces, the dimensions of each area, the materials’ specifications, and 

the thicknesses of walls, floor, ceiling, and roof. The glazing to wall ratio was also 

determined.  

The primary focus of this study was to compare current thermal conditions, their 

related energy consumption, and the 𝐶𝑂2 production with the levels that would accompany 

different temperature set points. A 3D model of the building was created based on 2D 

drawings with vertical and horizontal dimensions obtained from the airport engineering 

department.  

 

The construction of the model began by creating zones (blocks) and subzones for 

occupied and unoccupied spaces, including baggage handling system (BHS), VIP lounges, 

offices, international and domestic departure related zones, international and domestic 

arrival related zones. All of the specifications, dimensions, and measurements were entered 

for each area based on the data collected during the POE and subjective measures. Section 

7.3 explains broadly all input data, their sources and all other related information.  
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The final model and its specifications differ somewhat from the real building 

because of a lack of certain information, especially for spaces that are newly constructed. 

These spaces are (Domestic and International Arrival entrances), as highlighted in figures 

7.1 and 7.2. Their construction and opening layers were assumed to be identical to the 

available information that refers to other spaces adjacent to ambient. This assumption was 

supported by the fact that the depth of their internal and external walls, roof, and external 

glazing were similar. The thickness of external and internal walls, and roof of these spaces, 

for instance, were measured and found to have the value of approximately 0.5, 0.23, and 

0.6 m, respectively (see appendix A).  

 
Figure 7. 1 KAIA three-dimensional base model- south-west view, landside, highlighted area is the domestic 

arrival that its construction layers were assumed 

 External glazing specifications, based on measurements, were determined to be 

double and triple clear glazing as follows (including air gap depth): 

x Triple-glazing (6/6/6/6/6mm), and (3/6/3/6/3mm) 

x Double-glazing (6/6/6mm) 
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Figure 7. 2 KAIA three-dimensional base model- north-west view, airside, highlighted area is the 

international arrival that its construction layers were assumed 

 

7.3  Input Data 

7.3.1  Hourly Weather Data 

The weather data contains hourly values for the following:  

1. Outside Dry-Bulb Temperature,  

2. Outside Dew-Point Temperature,  

3. Wind speed,  

4. Wind direction,  

5. Solar altitude,  

6. Solar azimuth,  

7. Atmospheric pressure,  

8. Regular direct solar and  

9. Diffuse horizontal solar radiation.  

 

The EnergyPlus website contains a list of weather data for over 2,000 locations 

across the globe in an EnergyPlus weather format. The only weather data available for 

Saudi Arabia was for the capital city, Riyadh. This town is climatically different from the 

proposed location: it is classified as 0B (Extremely Hot Dry); Jeddah is 1B (Very Hot Dry) 

according to [ANSI/ASHRAE Standard 169-2006]. Therefore, Jeddah’s weather data was 



Building a virtual model and running energy simulations 

 
 

184  

obtained from Meteonorm v7. Weather tool in the EnergyPlus format (. epw). Weather data 

are based on multi-years and single-year hourly data. They were collected in 2000-2009, 

2012 and 2013 respectively by the weather station (WMO 410240) (see Figure 7.3). The 

margin of uncertainty of the multi-years' data for yearly values that provided by 

Meteonorm is as follows: 

Mean irradiance of global radiation horizontal (Gh) = 2% 

Radiance of beam (Bn) = 4% 

Air temperature (Ta) = 0.3 °C. 

 Multi-years weather data were only used to determine the mechanical cooling 

capacity required during the hottest time of year (see section 7.3.2). All other results 

obtained from the simulation were based on the single-year weather data.  

 

 

 

 
Figure 7. 3 Weather station location (WMO 410240) as for KAIA airport using Meteonorm v.7. 

 

Figure 7.4 shows the site data, including the variables as mentioned earlier for 

KAIA’s airport. The maximum outside dry-bulb temperature recorded was 35.3 °C in 

August and a minimum of 23.3 °C in January. The highest outside dew-point temperature 

was 24.5 °C in the month of September, and the lowest was 14.4 °C in January. Wind 
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speed reached a maximum of 3.9 m/s in the month of March and a minimum of 3 m/s in 

October. The maximum atmospheric pressure was 101260 Pa during the months of March, 

May, August, September, and December, while the lowest was 101250 Pa. The highest 

recorded direct normal solar energy was 220.62 kWh (May), and the lowest was 137.26 

kWh (August). The diffuse horizontal solar energy reached its high point in August at 

93.06 kWh, and the low point was 32.95 kWh in February. 

Based on this weather data, the mean monthly outdoor air temperature during 

summer period was around 34 °C, which is 2.8 °C less than the recently obtained data from 

the same weather station for the year of 2013. This difference could result in the final 

figures being slightly different than what would happen in the actual building. Given the 

vital role played by outdoor temperature (mainly the increased load on the HVAC system 

as temperature rises), it is believed that the projections for energy consumption produced 

by the simulation will be lower than what would be consumed.  

 
Figure 7. 4 Daily key weather data of KAIA airport (21.683 Latitude [°N]; 39.15 Longitude [°E]) used for 

the simulation (1st of Jan- 31st of Dec) based on the multi-years' data 
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7.3.2  Summer Cooling Design 

The computer program used cooling design simulations to determine the 

mechanical cooling capacity required during the hottest time of year. The program used the 

following variables to perform the necessary calculations: 

x Periodic steady-state external temperatures calculated using the maximum and 

minimum design summer weather conditions (see Figure 7.5). 

x Solar gains through windows 

x Scheduled natural ventilation. 

x Internal gains from occupants, lighting and other equipment 

x Heat conduction and convection between zones of different temperatures.  

 

EnergyPlus calculates the cooling load based on the ASHRAE sizing method with a 

design margin (safety factor) of 115%; this explains the difference between the total 

cooling load and the design cooling capacity. This extra 15% in capacity is required to 

bring the temperature to the set point within a reasonable period and ensure that comfort 

conditions can be maintained in the most extreme summer weather (see table 7.1). To 

compare data related to the HVAC system capacity that obtained from the site with those 

resulting from the simulation, we must calculate the BTU (British Thermal Unit). It’s 

defined as the amount of heat required to raise the temperature of one gram of water by 

1°C [Hargrove, 2017].  

 

1 𝐾𝑊ℎ =  3.412 𝐵𝑇𝑈 

Table 7.1 shows the maximum total designed cooling load, which is 8069.93 kW * 

3,412= 27,531,428 BTUs.  

1 𝑇𝑜𝑛 = 12.000 𝐵𝑇𝑈 

To calculate the capacity, we must divide   27,531,428 by 12,000, which is 

equivalent to 2,294.28 TR for only the terminal. As per the collected data, there are cooling 

capacity of 2,800 TR distributed on 4 Chillers to cool the South terminal and other 

associated buildings (refer to section 4.5.2). 
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Table 7. 1 Detailed information on design cooling load using ASHRAE criteria (based on hottest summer 

day) 

Max Total 
Design Cooling 

Load (KW) 

Time of Max 
Total Cooling 

Load 

Sensible 
Cooling Load 

(KW) 

Latent 
Cooling Load 

(KW) 

Total 
Cooling 

Load (KW) 

8069.93 15:00 3052.32 3965.01 7017.33 

 

The simulation chose the 15th of July, which is the hottest day of the year based on 

cumulative weather data, to calculate the maximum cooling load. As depicted in Figure 7.5 

the outdoor air temperature hits its highest levels of 43 °C between 14:00 and 15:00 on this 

date. Total cooling increases during this time and lasts for an hour to maintain the indoor 

temperature. 

 
Figure 7. 5 Temperatures and heat gains during the summer peak day for cooling design based on and 

according to the multi-years weather data 

7.3.3  Building Materials and Construction 

The thermal properties of the building’s envelope are a function of its construction 

compositions. The thickness of each layer and the material used to make each layer is 
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necessary and are detailed in Appendix A.  The value of all layers of materials used in the 

construction must be considered.  

Table 7.2 shows the assortment of construction materials input for the simulation 

with the related number of layers. The thickness and material type were specified for each 

layer in addition to the associated U - value. 

A heavy-weighted construction template was uploaded into the file with some 

modifications based on the known attributes of the KAIA terminal. This template contained 

information on external walls, internal partitions, roofs, ceilings, floors and doors with their 

related properties.  

The infiltration rate (the rate that air unintentionally enters through cracks, holes 

and the porosity of the fabric) was also determined for the construction template, and a 

default value of 0.3 AC/h (air changes per hour) was used as per [Gowri, 2009] assuming 

the building level air change is distributed equally in all zones. A schedule (24 hours a day 

for 365 days) was also created for the infiltration.  

 

7.3.4  Openings  
“Openings” is a term used in DesignBuilder to describe any opening in the building, 

including external glazing, internal glazing, roof glazing, doors, vents, and holes.  

 

7.3.4.1  External Glazing 
This category included all glazing on external walls.  Information on the 

dimensions, frame, shading, and operation was defined for all of the external glazing. The 

proportions were found using the window to wall ratio (WWR) method.   

The external glazing for most spaces, particularly those adjacent to airside and 

landside, has a WWR of 90%, while the rest varied from as small as 5% up to 50% on the 

baseline model. 

Information on window spacing, the sills, and the height of the windows was 

measured, collected and entered. The properties of the external windows were also 

determined in layers; the related U-values, in addition to features of the frames and 

dividers, are shown in table 7.3 
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Table 7. 2 Construction used for the model, including type, thickness location 

Construction  Layer 1 Layer 2 Layer 3 Layer 4 U-Value 
(W/m2-

K) 
Material Thickness 

(m) 
Material Thickness 

(m) 
Material Thickness 

(m) 
Material Thickness 

(m) 
 

Wall External walls Brickwork, outer leaf 0.205 XPS Extruded 
Polystyrene 

0.1182 Concrete block 
(medium) 

0.2 Gypsum 
plastering 

0.013 0.232 

Below grade 
walls 

Brickwork, outer leaf 0.205 XPS Extruded 
Polystyrene 

0.1182 Concrete block 
(medium) 

0.2 Gypsum 
plastering 

0.013 0.232 

Semi-exposed 
walls 

Brickwork, outer leaf 0.205 XPS Extruded 
Polystyrene 

0.1182 Concrete block 
(medium) 

0.2 Gypsum 
plastering 

0.013 0.232 

Internal walls Plaster (lightweight) 0.013 Brickwork, inner leaf 0.205 Plaster (lightweight) 0.013     0.16 

Roof Flat roof Asphalt 0.019 Fiberboard 0.013 XPS extruded 
polystyrerne  

0.2047 Cast concrete  0.4 0.134 

Roof Asphalt 0.019 Fiberboard 0.013 XPS extruded 
polystyrerne  

0.2047 Cast concrete  0.4 0.134 

Ceiling Semi-exposed 
ceiling 

Cast concrete (dense) 0.4             1.799 

Floor Ground floor 12 in. Soil at R-
0.104/in. 

0.305 R-5 board insulation 0.0282 Aerated concrtet slab 0.4     0.269 

External floor 12 in. Soil at R-
0.104/in. 

0.305 R-5 board insulation 0.0282 Aerated concrtet slab 0.4     0.269 

Internal floor Cast concrete (dense) 0.305 R-5 board insulation 0.0282 Aerated concrtet slab 0.4     4.73 

Door External door Steel 0.003 Air gap 10 mm 0.01 Steel 0.003     3.124 

Internal door Painted Oak 0.03             2.823 

 

Table 7. 3 Comprehensive information on openings and their related specification

Opening Description Layer 1 Layer 2 Layer3  U-Value 
(W/m2-K) 

Pane type gas 
type 

Pane type gas 
type 

Pane type gas 
type 

External window Triple glazing, clear, no shading  Generic clear 6mm 
glass 

air 
6mm 

Generic clear 6mm 
glass 

air 
6mm 

Generic clear 6mm 
glass 

  1.93 

Internal window Double glazing, clear 6mm/6mm air Generic clear 6mm 
glass 

air 
6mm 

Generic clear 6mm 
glass 

      3.157 

Roof window/ skylights Triple glazing, clear, 3mm/6mm  Generic clear 3mm 
glass 

air 
6mm 

Generic clear 3mm 
glass 

air 
6mm 

Generic clear 3mm 
glass 

  2.166 

Frame and dividers Aluminum window frame (with thermal 
break) 

Aluminum, 20 mm  Polyvinyl chloride (PVC), 50 
mm  

Aerated concrete slab, 0.20 mm 4.719 
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Other openings and their associated properties are also included in the table. No 

shadings are provided for the external glazing for security and operational reasons.  

After inputting the information on the buildings use and the number of occupants, 

the program estimates the amount of heat influx (or cold out flux) that will result from the 

opening of the doors.  Doors were divided into external doors (width of 2 m and height 2 

m) and internal doors (1.1 m wide and 2 m high).  

Traditionally, to calculate the average airflow rate through an automatic door, it 

must take into account the area of the door, the pressure deference across it, the discharge 

coefficient of the door when it is open, and the fraction of time that it is open [ASHRAE 

Fundamentals Handbook (SI), 2001]. This handbook provides information regarding the 

airflow coefficient (𝐶𝐴) based on the number of people using the door per hour for both 

doors with and without vestibule. It also provides the pressure factor (𝑅𝑃) based on the 

height of the building in meters and the ambient temperature (  C) 0C. Hence, the average 

airflow rate through an automatic door can be calculated using: 

𝑄 = 𝐶𝐴𝐴𝑅𝑃                                                                                                                    Eq. 7.1 

where 

𝐴= area of the door opening, 𝑚2 

For instance, the average number of passengers using entrances to the main check-

in area was 1396 persons/hour. There were three automatic doors assigned in this location, 

so it can be assumed that each door is used by 465 persons/hour, so: 

𝑄 = 270 ∗ (2 ∗ 2) ∗ 4.2 

𝑄 = 4.536 𝐿 𝑆⁄  

As for the Designbuilder modeling tool, information regarding the percentage of 

open door area, the percentage of time the door is open and the appropriate operation 

schedule that is specified for the zone should be determined from the opening header as 

following: Doors –External- Operation. 
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Each automatic door has an area of 4𝑚2 and 100% of this area opens. As for the 

percentage of time the door is open, the average number of passengers using each door and 

time needed by the automatic door between opening and closing, which is 5sec.  As a 

result, the percentage of time the door is open can be determined based on occupants using 

each space: 

x Check-in area 37.5%  

x Domestic departure 35% 

x International departure 29.3 

x Arrival lobby 56% 

x Domestic arrival 27.9% 

x International arrival 27.2% 

 

7.4 Internal loads 

7.4.1  Data on Activity Levels 

The level of activity in each zone of the building was specific to that zone because 

each area had unique variables. Data for occupancy levels were obtained using the 

domestic and international flight schedules of 2012 and 2013 (see Figure 4.4 to 4.7 Chapter 

4). The density reached its highest level in both check-in areas and the arrival lobby. Table 

7.4 shows the maximum occupancy level per hour (using the data collected during the field 

survey). DesignBuilder uses density (people/m2); this was obtained by dividing the 

maximum occupancy by the zone area.  

Table 7.4 also contains information on the occupants’ activity level and clothing 

insulation values associated with each zone based on the average values collected during 

the field study. As for spaces that weren’t included in this study (such as BHS, VIP, and 

offices), the values were estimated based on the function of the space, occupancy level and 

type of users. The VIP lounge, for instance, was assumed to have an activity level similar 

to those found in the departure lounges or slightly less (0.7 clo) since they are both waiting 

lounges.  
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The information contained in this table was used in the DesignBuilder platform to 

model the building activity including occupancy, activity, and clothing for each zone. The 

associated schedule was used because it was the closest to represent the operational 

situation as found in KAIA. The spaces used by passengers were occupied to a high level 

over the 24 hours cycle. The occupancy levels for the offices were different than the other 

areas in that they were only occupied during official work hours. The average metabolic 

factor of 0.9 was assigned to people using the public areas as suggested by DesignBuilder. 

According to the ASHRAE handbook of fundamentals, a typical male has a metabolic rate 

of 1.00 while it is 0.85 for a woman and 0.75 for a child.  
 

Table 7. 4 Collected information regarding spaces and occupancy profile in addition to associated activity 

level and clothing insulation. 

Occupied 
zones 

Max. 
Occupancy/hour Area 

Density 
(people/𝑚2) 

Ac. 
Level 

(W𝑚2/) clo 
D/D 2000 6500 0.308 75 0.74 
I/D 2000 6500 0.308 74 0.65 
C-in 2500 4200 0.595 132 0.66 
I/A 1600 12800 0.125 132 0.63 
D/A 2200 10000 0.220 135 0.73 
A/L 3500 6000 0.583 112 0.68 
BHS 100 5400 0.019 130 0.7 
VIP 50 1815 0.028 70 0.7 
VIP lounge 50 1110 0.045 70 0.7 
Office A 100 1110 0.090 70 0.75 
Office B 100 1714 0.058 70 0.75 
Office C 100 2224 0.045 70 0.75 
Office D 100 566 0.177 70 0.75 

 

 

7.5  Heat Gains and Other Variables 
Domestic hot water (DHW), the set point temperature, computers, equipment and any 

miscellaneous gains were determined for each zone separately. All spaces were assumed to 

have a cooling set point temperatures of 20-24 °C, as recommended by [ASHRAE55] for 
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comfort zone. Fifty percent (± 5%) was assumed for humidity control (humidification set 

point of 45% and dehumidification set point of 55%).  

The minimum set point for natural ventilation is 24 °C, which means scheduled 

‘natural ventilation’ is active only when the air temperature in the zone is higher than the 

natural ventilation set point temperature.  

 
Table 7. 5 Source of internal gains in 𝑾/𝒎𝟐 of computer, office equipment and other miscellaneous for 

various zones in the building 

Space 
Source of heat gain W/𝒎𝟐 

Total gain 
Computer Office 

equipment Miscellaneous 

Check-in 2 0 3 5 
I/D 0 0 5 5 
D/D 0 0 5 5 
I/A 0 0 10 10 
D/A 0 0 10 10 
A/L 0 0 5 5 
BHS 0 0 10 10 

VIP lounges 0 0 5 5 
Offices 10 5 0 15 

 

 

The various sources of heat gain were determined for each zone. The CIBSE 

guidebook contains information on different spaces within a terminal building, including 

check-in, gate lounge, customs, and immigration and circulation areas. Using the 

handbook, table 7.5 of heat gains from internal sources was derived [CIBSE, 2006a]. 

International airports are set by international agreements to standardize safety and 

operation procedures. Both the International Transport Association (IATA) and the 

International Civil Aviation Organization (ICAO) are served to create regulations over 

airports [Airports Council International, 2014]. Thus, CIBSE guidelines can be considered 

useful also for KAIA.  
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7.5.1  Lighting 

The lighting level was also determined for each space (at zone level). Illumination 

levels ranged between 200 Lux for unoccupied zones, 300 Lux for offices to 400 Lux for 

zones used by passengers [IES; MS 1525]. T12 (37mm dam) fluorescent lights 

(halophosphate type) were used for the lighting template. The light schedule was also 

uploaded to the file. Light is required 24 hours a day in the terminal.  The study assumed 

that the terminal is lit to a level of 75% during daylight and 100% during the nighttime due 

to the availability of skylights and glazing facades. As for office spaces, they were lit 

according to lighting schedule determined and uploaded into the program. 

 

7.5.2  HVAC 

A detailed template for the HVAC system was uploaded into the model at the 

building level. The system contains supply and return, generic air loop, chilled water plant 

loop, and condenser loop which represents the current structure of the system. The HVAC 

system does not have hot water loop since there is no need for heating in this area.  

 

7.5.2.1  Air Loop  

It consists of: 

x Demand Air Sub Loop that provides the connections to the zones served by 

the air loop. It consists of one splitter and one mixer by default. 

x Supply Air Sub Loop, which contains one AHU plus one or more setpoint 

manager. It provides air to the demand side of the loop where it is 

distributed to the zones.  

 

The supply side consists of an air loop AHU cooling coil, air loop AHU extract 

fan, and air loop AHU supply fan. The fan-cooling coil here placed right before the air 

loop supply fan. Setpoint manger is also part of the supply side that calculates the 

setpoints are used in the parent loop as a goal of control actions. The air loop is 

connected to the supply part of the zone through the air loop zone splitter and to the 

return one through the air loop zone mixer (see figure 7.6). 
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Figure 7. 6 An Air Loop that supplies the zone with desired air via the air loop splitter and gets the returns 

via the air loop zone mixer 

 

7.5.2.2 Chilled Water (CHW) Plant Loop  

The chilled water (CHW) loop was automatically sized and uploaded to the HVAC 

system of the model. This system contains a CHW loop demand side and a CHW loop 

supply side. A CHW loop set point manager, CHW loop supply pump and chiller are the 

components of the CHW loop supply side. The CHW loop demand side is connecting the 

air loop (AHU) to the chiller (see figure 7.7).  

Chiller capacity, water flow, and pump power consumption were automatically 

sized according to an EnergyPlus data calculation. The system efficiency was also 

automatically assigned based on ASHRAE recommendation. The default electric (EIR) ‘air 

cooled’ system was selected for the chiller template. The software is capable of simulating 

the thermal performance of the chiller and the power consumption of the compressor in 

addition to the power consumption of condenser fans.  
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Figure 7. 7 The CHW Loop (the CHW Loop Supply Side and the CHW Loop Demand Side) and its 

connection with the AHU 

 

 
Figure 7. 8 Realistic photo of the Chillers 
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7.5.2.3 Condenser Loop 

It contains condenser demand loop side and condenser loop supply side. The supply 

side includes cooling tower, supply pump and setpoint manager. The condenser demand 

side is connecting the condenser loop to the water-cooled chiller. Cooling towers are used 

to reject heat from Water-cooled chillers and they are more energy efficient than Air-

cooled chillers (see figure 7.9).  

 

 
Figure 7. 9 Condenser Loop (Demand Loop Side and Supply Side) 
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7.5.2.4 Mechanical Ventilation 

Mechanical ventilation is the process by which air is delivered to the building to 

provide fresh air. When more ventilation is needed, the automated system increases the 

ventilation rate to cool the outside air. Air is brought into the cooling system inside, or to 

the air conditioning units on the roof, and then circulated in the building through ducts. The 

HVAC system then cools the air to the desired temperatures. 

Maintaining a common indoor air quality standard recommended by [BS EN 

13779] requires a minimum of 10 L/s/person.  

 

7.6 Results of First Simulation (using the set points from ASHRAE (20-24 °C)) 
The first simulation was conducted for the KAIA south terminal (total area of 

59124.2), for one year (8760.00 hours). The primary result shows the total estimation for 

the building in 2012 more than 5957.26 GWh (1008 kWh/𝑚2), based on the single-year 

weather data collected from the local weather station (Presidency of Meteorology and 

Environment (PME) of Saudi Arabia). This includes district cooling, interior lighting, the 

interior equipment, and water system as shown in the next table. The energy required for 

cooling purposes accounted for 83.2% of the total energy consumed (see Table 7.6). 

 
Table 7. 6 Site and source of energy that forecasted for the proposed building (before calibration) 

Source Electricity 
[kWh] 

Natural  
Gas 

 [kWh] 

Additional 
Fuel 

[kWh] 

District 
Cooling 
[kWh] 

District 
Heating 
[kWh] 

Water 
[m3] 

Cooling 0 0 0 47280852 0 0 

Interior Lighting 7819205.98 0 0 0 0 0 

Interior 
Equipment 1841759.67 0 0 0 0 0 

Water Systems 0 0 0 0 287398.49 4500 

Total End Uses 9660965.65 0 0 47280852 287398.49 4500 
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7.6.1  Internal Gains  
The biggest sources of heat within the building are general lighting, occupants, and 

solar gains through exterior windows. Lighting is required all day since this airport 

operates for 24 hours. The airport has a large area of glazing on the exterior, and this is 

likely a significant source of heat gain. Other sources affecting the total heat gain 

(computers, electrical and mechanical equipment and other miscellaneous sources) are 

relatively small. The effect of all heat gain sources is almost constant throughout the year 

except for the heat from the glazing, which represents a greater gain in winter months, as 

the sun is low with deeper penetration. Sensible cooling reaches its highest levels during 

the summer period as a result of having high outdoor temperatures. Therefore, the HVAC 

system consumes more energy during the summer to bring the indoor temperature to the 

desired level through the zones sensible cooling. Sensible cooling is shown as a negative 

heat gain since it lowers the temperature. 

 

 
Figure 7. 10 Monthly internal heat gains and heat loss (heat balance) for proposed building under the current 

situation (before calibration). 
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Figure 7. 11 Hourly heat balance and system cooling loads for the building during a typical summer day (15th 

of July) in the main check-in area (before calibration). 

 

Figure 7.11 shows the internal heat gain distribution over the course of one summer 

day (15th of July). It demonstrates that the cooling load reaches its highest (about 1200 

kW) during the afternoon time (from 2 pm to 5 pm) because both solar gains and 

occupancy levels reach their highest during this time. Also, other electrical equipment has 

an impact during this stage because of a large number of occupants.  

 
7.6.2  Breakdown of Fuel Consumption 

Figure 7.12 shows the total monthly fuel breakdown in the simulation based on the 

single-year (2012) uploaded weather data. Annually, KAIA south terminal uses 

approximately 478.502 kWh/𝑚2 for cooling, 131.4 75 kWh/𝑚2 for lighting and only 37.6 

kWh/ 𝑚2 is used for electricity and DHW, giving a total of 6470.6 35 kWh/𝑚2. Cooling 

uses the most energy (up to 75.65% of total energy used). During the summer, cooling 

makes up 78.75 % of the total energy used. 
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Figure 7. 12 Monthly fuel consumption of KAIA the south terminal (before calibration). 

 

Table 7.7 compares the monthly energy consumption recorded during the field 

study with the results of the simulation. These values show a slight difference in most 

months, but this difference begins to emerge during the summer months. This difference 

will be investigated in detail later in this study. The results of the simulation will be 

validated using the t-Test.  

From Table 7.7, estimated monthly energy consumption values resulting from 

simulation and real values cannot be considered equal. Consequently, simulation results 

cannot be used with a great degree of confidence. Thus, an optimization-based calibration 

method was used to bring this difference to an acceptable level. It was expected that with 

minor modifications of the input data, the simulation results would be even closer to the 

measured data. It is believed that these potential errors would be smaller and therefore they 

could be compensated for. 

The simulation results were used (assuming constant input values except for indoor 

set points) to investigate the impact of increasing indoor temperature on energy saving and 

thermal comfort. 
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Table 7. 7 Monthly electricity used for the building, according to simulation (left), and measured values 

(right) 

Month 
Simulation values 

(GWH) 
Real Values 

(GWH) Difference 
Percentage 

(%) 

Jan 2.46 2.24 0.22 8.9 

Feb 2.74 2.32 0.42 15.3 

Mar 2.97 3 0.03 1 

Apr 3.36 3.66 0.3 8.19 

May 3.93 4.68 0.75 16 

Jun 3.98 4.83 0.85 17.6 

Jul 4.21 5.63 1.42 25.2 

Aug 4.29 5.59 1.3 23.2 

Sep 4.13 4.64 0.51 11 

Oct 4.33 4.25 0.08 1.84 

Nov 3.63 3.14 0.49 13.5 

Dec 3.04 2.59 0.45 14.8 

 
 

7.6.3  Thermal Comfort and Indoor Temperature 
As mentioned before, all the occupied spaces are environmentally controlled and 

the indoor set point temperatures range from 20 to 24 °C. Due to the external environment 

and internal heat gains, the indoor operative temperature gets as high as 27 °C especially 

for those areas containing a large area of glazed facade such as the entrance area of check-

in, domestic and international departures. The radiant temperature also reaches a peak of 

30.5°C in same spaces during a hottest summer day (15th of July) (see Figure 7.13).  

 

Figure 7.13 demonstrates that the HVAC system is working fairly efficiently, as it 

keeps the indoor operative temperature within the 20-24°C range most of the time. Relative 

humidity exceeds the specified limit in some spaces such as domestic arrivals, international 

arrivals and the arrival lobby due to many factors like the high relative humidity outside 
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between 8:00 a.m. to 8:00 p.m., high occupancy levels and high activity levels in these 

spaces. 

EnergyPlus uses these environmental, personal and physiological variables to 

determine whether the environmental control strategy will be sufficient for the occupants to 

be thermally comfortable. The following comfort models were utilized to anticipate 

occupants’ thermal comfort in Designbuilder:  

•    Fanger PMV - Fanger Predicted Mean Vote ascertained as indicated by IS 7730.  

•  Pierce PMV ET - the Predicted Mean Vote (PMV), ascertained utilizing the 

effective temperature and the Pierce two-node thermal comfort model.  

•  Pierce PMV SET - the Predicted Mean Vote (PMV), utilizing the "Standard" 

effective temperature and the Pierce two-node thermal comfort model.  

•   Kansas University (KSU) TSV - the Thermal Sensation Vote (TSV), ascertained 

utilizing the KSU two- node thermal comfort model. 

 

According to these models, the indoor environment was considered comfortable in 

all occupied spaces and complies with class B (PPD < 10%) and C (PPD < 15%) of 

comfort categories suggested by [ISO 7730, 2005].  
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Figure 7. 13 Hourly indoor, outdoor temperature and comfort hours for typical summer day (15th of July) during the survey according to the simulation.
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7.6.4  Discomfort hours 

One of the variables that can lead to discomfort is the clothing people wear. The 

program uses two types of clothing, including summer and winter clothing, or the 

combination of the two to calculate clothing insulation values. However, the program does 

not include insulation values for the traditional garments worn in the Region being studied. 

Despite thermal comfort in general, there were discomfort hours, and those hours were 

more frequent when the outdoor air temperature and relative humidity were at their highest 

levels. 

The three months that were studied had high outdoor temperatures that fluctuate 

between 25 °C and just over 43 °C. Consequently, the indoor operative temperature 

fluctuated as well, which in turn had an impact on occupant comfort. According to the 

comfort index suggested by the software, the comfort sensation of occupants fell within ± 

0.5 and sometimes reached +1 when the operative temperature and relative humidity 

exceeded 25 °C and 65% respectively. This simulation suggests that discomfort hours start 

to increase by the beginning of summer and persist while the outdoor temperature and 

humidity levels stay high (see figure 7.14). 

Overall, the indoor operative temperature of 22 °C with ±2 °C is predicted to be 

thermally comfortable according to the above-mentioned thermal comfort indices, which 

complies with ASHRAE 55 and ISO 7730 for commercial buildings. The predictions of 

thermal comfort were quite different for winter and summer. During the winter period, the 

thermal comfort sensation was on the positive side of the TCSS, but it was on the negative 

side during the summer. This could be because the winter clothing insulation that was 

assumed for occupants had, depending on their location in the building, the value of 1.0 

clo, and 0.63- 0.75 clo. 

Figure 7.14 shows the hourly thermal comfort sensation (TS) during the summer 

using the Fanger PMV index various occupied spaces. It demonstrates those occupants are 

supposed to be thermally comfortable at the set point temperature that is assigned to the 

indoor environment. It reveals that the average TS of occupants ranged between 0 when the 

operative temperature is 23.5 °C, to the level of 0.5 when 22 °C was the indoor operative 

temperature: this means the PPD was less than 10%, which complies with class B of ISO 
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7730 comfort classification. In other words, the optimum indoor operative temperature 

with the given clothing insulation, activity level, and indoor relative humidity, according to 

theses indices, ranges between 20 to 24 °C for the proposed building during the summer 

period. 

  

 
Figure 7. 14 Monthly thermal comfort sensations according to provided indices with related variables of the 

indoor environment.
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Figure 7. 15 Hourly thermal comfort sensation distributions that predicted by Fanger PMV index during the summer period for various spaces within 

proposed building (set point of 20-24 °C).



Building a virtual model and running energy simulations 

 
 

209 

7.7 Calibration of Whole Building Energy Simulation Model 
To ensure that the model is considered calibrated, statistical indices were used to 

evaluate the accuracy of calibration. This methodology has been suggested by well-known 

international standards [ASHRAE Guideline 14, 2002; M&V Guidelines for FEMP, 2003; 

IPMV, 2008]. Two main sets of data are required to conduct a proper calibration: collected 

data from the field study, and simulation data, from the building model. Mean Bias Error 

(MBE) and the Coefficient of Variation of the Root Mean Square Error Cv (RMSE) are the 

two statistical indices commonly used as presented in equations 7.1 to 7.4 [Fabrizio E, 

2015]: 

𝑀𝐵𝐸(%) = 𝛴𝑝𝑒𝑟𝑖𝑜𝑑(𝑆−𝑀)𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙

𝛴𝑝𝑒𝑟𝑖𝑜𝑑𝑀𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙
× 100                                                                     Eq. 7.1 

where 

- M is the measured energy data point during the time interval; and 

- S is the simulated energy data point during the same time interval.  

MBE is not usually a “stand-alone” index, since its final value is affected by positive 

and negative values, which contribute to reducing the MBE. Thus, it is evaluated together 

with the Cv (RMSE) as follows: 

 

𝐶𝑣(𝑅𝑀𝑆𝐸𝑝𝑒𝑟𝑖𝑜𝑑)(%) = 𝑅𝑆𝑀𝐸𝑝𝑒𝑟𝑖𝑜𝑑

𝐴𝑝𝑒𝑟𝑖𝑜𝑑
×100                                                                Eq. 7.2 

𝑅𝑀𝑆𝐸𝑝𝑒𝑟𝑖𝑜𝑑 = √∑(𝑆−𝑀)2
𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙

𝑁𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙
                                                                               Eq. 7.3 

𝐴𝑝𝑒𝑟𝑖𝑜𝑑 = 𝛴𝑝𝑒𝑟𝑖𝑜𝑑𝑀𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙

𝑁𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙
                                                                                        Eq. 7.4 

 

where 𝑁𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙 is the number of time intervals considered for the monitored period. 



Building a virtual model and running energy simulations 

 
 

210 

Table 7.8 recommends the threshold limits of statistical criteria for calibration in 

compliance with the standards mentioned above. Since the energy consumption data is 

collected on a monthly basis, then the monthly calibration threshold limits are considered.  

Table 7. 8 The threshold limits of statistical criteria for building model calibration recommended by 

ASHRAE 14, IPMVP and FEMP (monthly and hourly) 

Statistical 
Indices 

Monthly Calibration Hourly Calibration 

ASHRAE14 IPMVP FEMP ASHRAE14 IPMVP FEMP 

MBE (%) ±5 ±20 ±5 ±10 ±5 ±10 

Cv(RMSE)(%) 15 - 15 30 20 30 

 

A study by Monetti [Monetti et al., 2015] presents a simplified methodology to be 

utilized to calibrate dynamic building energy models. The so-called “optimization-based 

calibration” methodology is based on a detailed literature review regarding latest 

approaches utilized for calibration [Fabrizio, 2015]. The method relies on a four-step to 

best match the building measured or collected data. Step1 is building the energy assessment 

based on available information that is gathered during the study. At this stage, the model is 

considered as non-calibrated. Pre-processing, Optimization and Post-processing and 

Validation are Step 2 to Step 4, that present the process of calibration.  

The presence of a different source of uncertainty ought to be taken into consideration 

employing sensitivity and uncertainty analysis when calibrating the model. These analyses 

are not conducted in this study due to the long simulated time related to the use of dynamic 

energy simulation software. Instead, a set of parameters that represent the most influencing 

factors on the building energy consumption based on a literature review concluded in 

[Fabrizio et al. 2015] study is used. These factors are categorized as follows: (site, building 

envelope, operation, and building system). Values of these input data are modified during 

this step (optimization). The optimization-based calibration is applied by reducing the 

difference between measured and simulated data. This procedure stops when this difference 

is reduced to its minimum (energy consumption of the case study closely matches the 

monitored data). Two optimization runs were performed as follows: 
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Run 1: Uncertainty and sensitivity regarding some collected data during the field 

investigation have played a major role in creating the difference between these data and 

that resulted from the simulation (see Table 7.9). At this stage the model is still non-

calibrated since MBE and Cv (RMSE), respectively were found to be 7.5 and 20.8 which 

does not comply with the standards.           

 

Table 7. 9 Collected and simulated (before calibration) monthly energy consumption of the case study. 

 Run 1 

Month Simulation 
values (GWH) 

Real Values 
(GWH) Residuals Square 

Residuals RMSE 1 

Jan 2.46 2.24 -0.22 0.0484 0.708060732 
Feb 2.74 2.32 -0.42 0.1764 Cv(RMSE)1 
Mar 2.97 3 0.03 0.0009 0.208867473 
Apr 3.36 3.66 0.3 0.09 MBE 
May 3.93 4.68 0.75 0.5625 0.075 
Jun 3.98 4.83 0.85 0.7225 

 

Jul 4.21 5.63 1.42 2.0164 
Aug 4.29 5.59 1.3 1.69 
Sep 4.13 4.64 0.51 0.2601 
Oct 4.33 4.25 -0.08 0.0064 
Nov 3.63 3.14 -0.49 0.2401 
Dec 3.04 2.59 -0.45 0.2025 
Total 43.07 46.57  

 

Run 2: During the data collection period there was also uncertainty regarding 

occupancy levels that have a strong correlation with flight schedule. As mentioned before 

these data were collected according to the flight's schedule booklet that was provided by 

the airlines that use this terminal. Usually, flights numbers exceed the ones scheduled 

especially during holiday seasons (the non-scheduled flights). Thus, 10% increase in the 

building occupant due to non-scheduled flights was assumed, and this resulted in total 

compliance with ASHRAE Guidelines 14. 3.9%, and 3% were found for MBE and Cv 

(RMSE), respectively comparing collected data with those resulted from the third run of 

the simulation. 
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Table 7. 10 Collected and simulated (before calibration) monthly energy consumption of the case study after 

increasing the occupancy level by 10% for the whole building. 

Run 2 
Simulation 

values (GWH) Residuals Square 
Residuals RMSE 3 

 2.53  -0.29   0.08  0.118392004 
 2.84  -0.52   0.27  Cv(RMSE) 
 3.07  -0.07   0.00  0.030506851 
 3.47   0.19   0.04  MBE 
 4.08   0.60   0.36  0.039295684 
 4.16   0.67   0.45  

 

 4.39   1.24   1.54  
 4.47   1.12   1.25  
 4.30   0.34   0.12  
 4.49  -0.24   0.06  
 3.77  -0.63   0.40  
 3.17  -0.58   0.34  
 44.74   

 

7.8 Calibrated Building Model 

Having implemented the optimization-based calibration principles, the total annual 

energy consumption was brought to 44.74 GWH, which is approximately 2.23 GWH less 

than the measured; Its MBE and Cv (RMSE) has reduced to the lowest level to accept the 

building model results. Increasing occupancy levels by 10% have helped to meet this 

objective.  

Table 7.11 illustrates the energy consumption distribution forecast during the year of 

2012. The total energy consumption is found to be 67.87 GWH (1148.kWh/𝑚2). The only 

source that appears to vary from the non-calibrated model is district cooling; it is increased 

from 47.2 to 57.8 GWH. Consequently, the energy required for cooling purposes accounted 

for approximately 85% of the total energy consumed.  

 



Building a virtual model and running energy simulations 

 
 

213 

Table 7. 11 Site and source of energy that forecasted for the proposed building (after calibration). 

Source Electricity 
[kWh] 

Natural  
Gas 

 [kWh] 

Additional 
Fuel 

[kWh] 

District 
Cooling 
[kWh] 

District 
Heating 
[kWh] 

Water 
[m3] 

Cooling 0 0 0 57845646 0 0 

Interior 
Lighting 7819205.98 0 0 0 0 0 

Interior 
Equipment 1841759.67 0 0 0 0 0 

Water Systems 0 0 0 0 369196.3
2 4500 

Total End 
Uses 9660965.65 0 0 57845646 369196.3

2 4500 

 
     All results and data analysis obtained during the first run (the non-calibrated 

building model) are admitted to represent the calibrated one, however only affected 

parameters will be illustrated next.    

    Figure 7.16 shows the total annual internal gains and how it is varied from the non-

calibrated building model. The increasing number of occupants influences this change. 

Thus, the internal gains as for occupancy and zone sensible cooling is 19,420.61 MWh, 

which is approximately 3%.  

Figure 7.17 is a sample of hourly data that shows the internal heat gains distribution 

along with temperatures over the course of one summer day (15th of July). The main 

check-in zone was chosen as a sample since no such information was available for the 

whole building. It demonstrates that the calibrated building model’s cooling load increased 

from 1200 to 1500 kWh during the afternoon time (from 2 pm to 5 pm). 

As for the fuel breakdown, figure 7.18 demonstrates that all parameters remain as 

they were in the non-calibrated building model except the cooling demand. The calibrated 

building model’s cooling forecast is found to be 584.75 kWh/𝑚2 which is by approximately 

18% more than that found for the non-calibrated, knowing that the total electricity 

consumption has also increased to 755.21 kWh/𝑚2.  
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Figure 7. 16 Monthly internal heat gains and heat loss (heat balance) for proposed building under the current 

situation (after calibration). 

 

 
Figure 7. 17 Hourly heat balance and system cooling loads for the building during a typical summer day (15th 

of July) in the main check-in area (after calibration). 
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Figure 7. 18 Monthly fuel consumption of KAIA the south terminal (after calibration). 

 
7.9  Calibrated Building Model Using the Set Point Temperature (23-27 °C) 

    According to Table 6.9, in the previous chapter, that contains comfort operative 

indoor temperatures that resulted from different methods, shows that the TCTP is 

approximately 25 °C. This temperature was assigned as a set point temperature with ±2°C 

and uploaded into the software. As a result of increasing the indoor temperature by around 

3 °C, the total energy consumption of the building was reduced to 57.13 GWh (964.74 

KWh/𝑚2)). Increasing the temperature set point resulted in an 18.8% reduction amounting 

to energy consumed. Also, the amount of energy used specifically for cooling went down 

to 47.18 GWh, which is a decrease of 22.6 %. The energy required for air conditioning 

represents 79 % of total energy used by the building. 
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Table 7. 12 Energy consumption for different sources when temperature set point between 23-27 °C. 

Source Electricity 
[kWh] 

Natural  
Gas 

 [KWh] 

Additional 
Fuel [kWh] 

District 
Cooling 
[kWh] 

District 
Heating 
[kWh] 

Water 
[m3] 

Cooling 0 0 0 4718391
8.70 0 0 

Interior 
Lighting 

7819205.9
8 0 0 0 0 0 

Interior 
Equipment 

1841759.6
7 0 0 0 0 0 

Water 
Systems 0 0 0 0 287398.

49 4500 

Total End 
Uses 

9660965.6
5 0 0 4718391

8.70 
287398.

49 4500 

 

 

 
Figure 7. 19 Monthly energy consumption for different source at the set point of (23-27 °C). 

 

Figure 7.19 reveals the monthly distribution of electricity and other fuel sources 

used in the building. It shows that raising the temperature set point reduced fuel demands to 
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648.54 kWh/𝑚2, which is 16.4% less electricity than utilized for the construction under 

current conditions. The cooling system in KAIA south terminal will only use 476.75 

kWh/ 𝑚2  instead of 584.75 kWh/ 𝑚2 annually if the operative comfort temperature 

recommended by this model is used in the building, which is 18.46% less. Other sources of 

fuel consumption such as (lighting and DHW) remained constant.  

 

7.9.1  Suggested Indoor Temperature and Comfort 
Figure 7.20 shows that the predicted TS for occupants was on the positive side of 

the TCSS, reaching a level of +0.14 according to the KSU. The Pierce PMV ET is similar 

to the neutral temperature from the current model during the winter and begins to increase 

during the summer reaching the level of +0.7. Both winter and summer clothing insulation 

seem to affect the TCS of occupants since the TS value decreases during the summer when 

the clothing insulation value is relatively small and vice versa.   

 

Overall, the simulation predicted that occupants would be uncomfortably warm if 

the indoor operative temperature were between 23 -27 °C, but that is inconsistent with the 

comfort survey results. This fact reinforces this study’s contention that the use of these 

indices to predict occupant’s neutral temperatures will always underestimate the 

temperature at which people in the Gulf Region will feel comfortable. 
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Figure 7. 20 Monthly environmental variables and comfort distributions for the whole year. 
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Discomfort hours peak when both operative temperature and relative humidity 

reach their highest level of 27 °C and 60%, respectively (from April to September).  

Arrival Lobby, Check-in, Domestic Arrivals and Domestic Departure were also 

chosen to present all spaces within the PTB. Figures 7.20 show the TS of occupants 

predicted using Fanger PMV index during the summer period in these spaces. It reveals 

that average PMV ranges between 0.4-1.25 and rarely reach 1.5 when the operative 

temperature gets as high as 28 °C, and operative temperature ranges between 24.7- 27.2 °C.  

Given these values, the PPD is more than 15% most of the time. Discomfort hours are most 

frequent in the summer when they last for almost 24 hours a day. 
 

7.10  Carbon Dioxide Emissions 

When ± 2k was added to the set point of 25 °C, the reduction in energy resulted in a 

14.3% reduction in carbon emissions.  The current total level of carbon emitted from this 

building is equivalent to 30.59 (kg)*10∧6 /year, but that figure could be reduced to 26.24 

(kg)*10∧6 /year if the new indoor set points were used.  

 
 

Figure 7. 21 KAIA’s south terminal CO2 emission when the set points temperature 20-24 °C (left); and set 

points temperature 23-27 °C (right). 
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Figure 7. 22 Hourly thermal comfort sensation distributions that predicted by Fanger PMV index during the summer period for various spaces within 

proposed building (set points of 23-27 °C).
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Table 7. 13 Energy consumption, related emissions and thermal comfort sensations predicted for set points of 

20-24 qC compared to set points of 23-27 qC. 

Set points T 
(°C) 

Cooling 
energy 

(kWh/𝑚2) 

Total 
energy 

(kWh/𝑚2) 

Cooling 
to total 

(%) 
CO2 

(kg/𝑚2) 

Thermal 
comfort 

PMV 
20-24 584.75 756 77.34 516 ± 0.5 
23-27 476.75 648.54 73.51 442 0.4- 1.25 

Reduction % 22.6 16.5 5.2 16.7  
 

7.11  Conclusion 

This part of the study ran simulations for the KAIA’s south terminal building using 

the EnergyPlus simulator interfaced with Designbuilder. The information to conduct the 

simulation (building envelope, mechanical system, various sources of internal gains, 

occupancy profile, indoor environment, occupants’ metabolic rates and clothing insulation) 

was collected during field-surveys in 2012 and 2013. Also, site and weather data were 

obtained and uploaded directly. Information regarding the real-life energy consumption 

was provided by the engineering department of KAIA. 

The calibrated building model created for the simulation was proven to be accurate 

because the simulation produced a level of energy consumption (756 kWh/𝑚2) sufficiently 

similar to actual consumption (787 kWh/𝑚2). Also, The MBE and Cv (RMSE) were very 

small and complied with the ASHRAE Guidelines 14.  

Simulations using the current set point and relative humidity of the indoor 

environment resulted in comfort zones that conform to the PMV of Fanger and Pierce ET 

in addition to KSU standards, but nonetheless, they created an environment that would 

have been too cold for many of the passengers surveyed in this study. According to the ISO 

7730 comfort classification, this complies with class B and C since the PMV was within ± 

0.5 on the TCSS. On the other hand, a neutral temperature of 23-27 °C (as suggested by the 

study) does not comply with international indexes. Most standards would proclaim that 23-

27 °C is too warm. This reinforced the hypothesis that trying to predict the thermal comfort 

of passengers at the KAIA using these indices was going to provide inaccurate results 

because none of these indices can account for the unique thermal preferences and 

expectations of people in the Gulf region. Perhaps more importantly, using temperature set 
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points that are lower than necessary is wasteful, unnecessarily expensive and it damages 

the environment. 

The cooling system at KAIA consumes a massive amount of energy. Computer 

simulations suggest that if indoor set points were increased from 20-24 °C to 23-27 °C, the 

amount of energy consumed would decrease by 18.8%, and the CO2 emissions would 

diminish by 14.3%.  

There are two types of weather data uploaded and used to run the model, the single-

year data of 2012 and 2013, and the cumulative that represents hourly climate information 

from 2000-2009. The last data on the outdoor temperature was a bit problematic and had a 

month-to-month average temperature that was a full 3 °C lower than the information 

collected in the field study. Another limitation of the simulation was that it could not 

account for the current physical state of the building; the building is more than 30 years 

old, and therefore the building envelope is more likely to allow the outdoor conditions to 

impact the indoor environment. Due to relatively small difference resulted from comparing 

the monthly energy consumption of real values with values resulted from the simulation, it 

can be concluded that the simulation data is valid and can be utilized confidently.  
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Chapter Eight 

8  Conclusion 

  Scholars in the field of thermal comfort encourage researchers to undertake comfort 

studies in their own localities in order to contribute to a comprehensive perspective on 

thermal comfort [Nicol and McCartney, 2002]. Conducting such studies in hot climates like 

Saudi Arabia is important as they are rare with no major studies of this building typology 

having been undertaken. PTB’s are usually associated with security procedures and operation 

requirements in addition to occupancy profile. Therefore, many difficulties have been faced 

during this study, the most prominent of which are the following:	

· Lack of studies on thermal comfort managed in PTB’s, which resulted in a 

lack of comparable sources.	

· Due to their size and complex designs, it is difficult to ensure the accuracy of 

the obtained information.  

· The occupancy profile varies throughout the day, week, and month and year. 

Also, occupants are constantly in transit.       	

In addressing the research questions and pursuing the stated objectives, fundamental 

concepts of thermal comfort were reviewed including the development of Fanger, Pierce and 

KSU comfort models. The most relevant and related parameters were considered (physical 

and personal) as an introduction to determine how they could be evaluated and measured and 

how they could be used during the comfort survey. As per ASHRAE, ISO and other 

conventional comfort standards’ recommendation, various parameters were measured using 

table of information on personal variables and measuring instruments for the physical one 

with acceptable accuracy as per ISO 7726. Moreover, a list of traditional clothing insulation 

values of the Gulf region for both genders was collected from recent studies, for example 

[ISO 9920,2004; Al-ajmi, 2008]. This list was useful since most surveyed subjects were 

Saudi nationals or from the general region. For a more accurate assessment of clothing 

insulation, individual values of clothing insulation were also considered (added values to the 

main clothing). A list of activity types and their correspondent values from ISO 8996 and 
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7730 and ASHRAE 55 were also used in this study during the survey by associating values 

with activity practiced by subjects during the half hour prior the survey. 	

As for subjective responses, the seven-point scale of Fanger was utilized on a 

descriptive scale (ASHRAE and Bedford); subjects were asked to rate their sensation towards 

their surrounding environment. Various levels of comfort survey were addressed and the  

optimum was chosen for this study including simple measurements, measurements of thermal 

environment and occupants’ response to it. Predicted mean votes (PMV) and predicted 

percentage dissatisfied (PPD) models were also addressed and calculated after obtaining the 

thermal comfort variables. Results of these calculations were also utilized to compare them 

with the developed model since they are the manner in which most international thermal 

comfort standards use to evaluate occupant’s sensations. Well-known thermal comfort 

models that developed under various circumstances were also presented including those of 

static condition (climate chambers) and dynamic (real environment). These models were also 

utilized in this thesis in the later Chapters to facilitate comparison between established 

models and those developed in this research.  This comparison, especially in the pilot study 

period, was important to assess whether these models are sufficient to achieve thermal 

comfort for passengers from this climatic region or not? This also has led to the conclusion 

that there is a rational basis for conducting this study in this type of environment.    	

This study used real climatic data in which the building is located and the actual 

experience of occupants to create the model of thermal comfort specific to the PTB in KSA. 

As a result, this new model proposed to reduce energy consumption without compromising 

passengers’ thermal comfort. It is hoped that the basis of this model will then be tested in 

other locations with similar climates to determine its wider suitability.. The foundation of this 

research and the basis for the developed model is the information acquired from surveying 

passengers in the KAIA south terminal and observing how they interacted with their indoor 

environment. 	

Throughout this study important findings were obtained in the early stages of 

research.  Based on the results of the study it can be stated that the implementation of 

international thermal comfort standards is inappropriate and wasteful in energy terms. A 

large percentage of the people reported being comfortable at temperatures much higher than  

(20-24 °C) recommended by the international standards. Similarly, many people reported 
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being cold and/or preferring to be warmer at the temperatures recommended by the 

international standards. The survey considers people from different geographical areas who  

were found to have different comfort preferences. These preferences also differed from one 

person to another from the same climatic region; for instance, people from rural areas in the 

Gulf region tend to prefer warmer temperatures than people from urban areas due to exposure 

time in air-conditioned spaces. People from more moderate regions outside the Gulf tend to 

prefer cooler temperatures due to their adaptation to a cooler atmosphere. According to the 

results, despite a significant difference in clothing insulation values and activity levels, there 

was no substantial difference in the comfort level from different genders. The temperature at 

which subjects felt comfortable also varied from zone to zone inside the terminal. This 

difference is probably a function of the disparate metabolic rates associated with each zone. 

This suggests that utilizing different temperature set points in different areas of the terminal 

would increase comfort and energy efficiency.	

There was a clear correlation between the outdoor temperature and what people 

considered being comfortable inside. The survey results strongly suggest that what people 

consider to be comfortable inside rises and falls with the outdoor temperature. The thermal 

comfort temperature point (TCTP) for all passengers surveyed was approximately 25 °C 

when the mean of !", !", !", !" and !"# were 50%, 0.11 !! , 26 °C, 107 !! and 0.68 !"#, 

respectively. According to the energy simulation program (EnergyPlus) with the third-party 

graphical user interface (DesignBuilder), the KAIA terminal could be saving a considerable 

amount of energy by adopting the temperature set point of (23 to 27°C) by more than 19% 

and this consequently would also lead to a reduction in carbon emission by around 14%. A 

similar set point can be recommended for other buildings on a similar basis. For example, it 

could be assigned for a building located in the city of Jeddah under similar conditions of 

environmental and personal variables. On the other hand, it is possible to suggest a higher set 

point temperature for a building with occupants of more steady activity, such as offices’ 

buildings. 	

                                                                                   



Conclusion 

 
	 	

227	 
PA

8.1  Recommendations for Future Studies 

There are a few potential outcomes for expansion of this work. This work has 

presented an investigation of thermal comfort for only Jun, July, and August (hottest 

months). Therefore, to approve the findings made herein, an entire year study ought to be 

conducted in the KAIA terminal. This would enable the researcher to conduct surveys during 

the entire range of outdoor temperatures. Another possible extension would be to model the 

impact of other variables such as Weight, Age, Gender, etc. on thermal comfort.	

More research, especially thermal comfort studies, should be done in hot climates to 

keep on assessing the propriety of conventional standards. Comfort surveys should be 

performed in similar climates to help build a database for hot regions and thus proper 

comfort models similar to those created by, for instance, [Humphrey, 1978; Auliciems and de 

Dear, 1986; Nicol and Roaf, 1996; Humphrey and Nicol, 2000; Nicol and Mc Cartney, 

2000]. The models created in this study should be tested in similar climates to determine if 

they are suitable for use in those locations. If other studies find that the model created in this 

study is not valid for their location, then researchers should create adaptive models of 

thermal comfort based on the specific preferences of people in that area. The findings in this 

study still need to be tested in other buildings in Jeddah. It is possible that other buildings, 

being used for different purposes, will yield different results. The created model and its 

associated TCTP have limited implementation because the study was based on three months 

as opposed to an entire year.  Despite these limitations, there is sufficient evidence to 

recommend that the temperature set points currently being utilized are too low for the 

summer months. It is therefore recommended that the KAIA terminal raise the temperature 

set points during the hottest months. The proof recommends that the comfort of occupants 

and energy efficiency of the building would be improved if each space within the terminal 

received preferred temperature based on the average metabolic rates gathered from each 

zone.	
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APPENDICES 

Appendix A: Building materials, thickness and thermal specification of floors, walls, 

celling and roof 

 

 
Figure A1 External, below grade and semi-exposed walls 

 

 
Figure A2 Internal walls 
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Figure A3 Ground, external and internal floors 

 

 
Figure A4 Ceiling 
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Figure A5 Roof 
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Appendix B: Building solar position, Psychometric, wind analysis, and hourly, 

weekly and monthly data  

 
Figure B1 Stereographic diagram and building orientation with info on sun position for the whole year 

 

 
Figure B2 Comfort zone suggested for the proposed location during the summer and medium activity 
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Figure B3 Wind frequency in hours for Jeddah all the year 

 

 

 
Figure B4 Hourly weather data along with daily condition of typical summer day 
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Figure B5 Hottest summer day along with min, max and average air temperature 

 

 

 
Figure B6 Weekly average ambient temperatures for all year 
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Figure B7 Monthly weather data along with demand of heating and cooling 
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Appendix C: Three- dimensional perspective of King Abdul-aziz International 

Airport (KAIA)- Landside view (top); Airside view (bottom). 
 

 

 
 
	


